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CHAPTER 1. GENERAL INTRODUCTION 
The formation of organs occurs throughout the life of a plant via specialized 
structures called meristems. Meristems are composed of a pool of undifferentiated 
cells that maintain the ability to divide. The shoot apical meristem (SAM) is 
responsible for the formation of vegetative organs such as leaves, and may 
undergo a phase change to form the inflorescence or floral meristem. There is a 
great deal of variation both in the lateral organs that are initiated and in the 
developmental fate that may be adopted. The pattern of the shoot (phyllotaxy), 
lateral organs (simple vs. compound; serrated vs. lobed), and meristem fate 
(determinant or indeterminant) exhibit tremendous variation between species and 
even within a species depending on the developmental stage (Kerstetter and 
Hake, 1997). Communication between cells within the SAM itself and between the 
SAM and the initiating primordium is essential for proper pattern formation; 
however, the signaling pathways and individual components involved remain to be 
elucidated (Bowman and Eshed, 2000). 
Plants must maintain a great deal of flexibility during development to 
respond to environmental and developmental cues. Responses to these signals, 
which include day length, light quality or quantity, temperature, nutrient and 
hormone levels, are coordinated within the meristem (Kerstetter and Hake, 1997). 
In potato, there is a specialized vegetative meristem called the stolon meristem that 
develops as a horizontal stem and under inductive conditions will form the potato 
tuber (Jackson, 1999; Femie and Willmitzer, 2001). Potato offers an excellent 
model system for examining how vegetative meristems respond to external and 
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internal factors to control development at the molecular level. In model tuberization 
systems, synchronous tuber formation occurs under inductive conditions and shoot 
or stolon formation occurs under noninductive conditions. The cellular and 
biochemical processes that occur in these model systems have been examined 
extensively (Vreugdenhil et al., 1999, Xu et al., 1998; Hannapel, 1991; Wheeler et 
al, 1988). In addition to being good systems to examine integration of signals at the 
meristem, understanding the molecular processes controlling tuberization in potato 
is important. Potato is the fourth largest crop produced in the world, ranking after 
maize, rice, and wheat, and is a major nutritional source in many countries 
(Jackson, 1999; Femie and Willmitzer, 2001); therefore, research focusing on the 
process of tuber initiation and development is very important. 
To examine meristem and tuber development at the molecular level, 
regulatory genes were isolated from an early stage tuber cDNA library of Solanum 
tuberosum by previous members of the Hannapel laboratory (Kang and Hannapel, 
1995; Jennifer K. Hart, Chapter 2 herein). The genes isolated, POTH1 (potato 
homeobox 1) and POTM1 (potato MADS box), both belong to important gene 
families of transcription factors. POTH1 is a member of the class I knotted-like 
homeobox (knox) gene family which is named after the first plant homeobox gene, 
knottedl (kn1) from maize (Vollbrecht et al., 1991). Dominant gain-of-function 
mutations of Kn1 formed knot-like structures along lateral veins composed of 
continually dividing cells that fail to differentiate normally (Vollbrecht et al., 1991 ; 
Smith et al., 1992). Genetic analysis has demonstrated the role of knox class I 
genes in the formation and maintenance of the shoot apical meristem and in the 
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regulation of hormone levels (Barton and Poethig, 1993; Kerstetter et al., 1997; Oh 
et al., 1999; Sakamoto et al., 2001). 
POTM1 belongs to the MADS box family of transcription factors. MADS box 
genes have been studied extensively in floral organ development, but are also 
involved in other aspects of plant development (Riechmann and Meyerowitz, 
1997). POTM1 belongs to the SQUAMOSA-like family of MADS box genes (Hart 
and Hannapel, 2002). Members of the SQUA-like family appear to have diverse 
roles in development including control of floral meristem and perianth organ 
identity (SQUA: Huijser et al., 1992; AP1: Mandel et al., 1992; CAL: Kempin et al., 
1995), fruit morphogenesis (AGL8/FUL: Gu et al., 1998), and inflorescence identity 
(PFG: Immink et al., 1999). 
The objectives of this study are to examine the role of the regulatory genes, 
POTH1 and POTM1, in plant development and on the process of tuberization. The 
approach taken was to generate transgenic plants with altered patterns and levels 
of target gene expression. Using a strong constitutive promoter to drive expression 
throughout the potato, transgenic plants with modified levels of transcripts of 
POTH1 or POTM1 were examined. 
Dissertation Organization 
The dissertation is organized in the alternative format consisting of two 
journal articles suitable for publication. The first article "Overexpression of a KNOX 
gene of potato decreases gibberellin accumulation and enhances tuber formation" 
is being prepared for publication in The Plant Journal. The second article 
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"Suppression of a vegetative MADS box gene of potato activates axillary meristem 
development" is being prepared for publication in Plant Physiology. Appendix A is 
a third article entitled "Characterization and RNA expression patterns of an 
AGAMOUS MADS box gene, STAG1, from strawberry fruit". Appendix B contains 
raw data consisting of four figures characterizing the protein-binding domain of 
POTH1. Paye M. Rosin was the primary investigator under the supervision of Dr. 
David J. Hannapel and is the first or co-first author of the articles. Jennifer K. Hart is 
the co-first author of the first paper and was responsible for isolating the gene and 
determining its mRNA expression pattern (Chapter 2, Figures 2 and 3). Dr. Harry T. 
Homer, Iowa State University, supervised the in situ hybridizations. Faye M. Rosin 
was responsible for the remaining research including the GA analysis, which was 
supervised by Dr. Peter J. Davies, Cornell University. In Chapter 3, Jennifer K. Hart 
performed the in situ hybridization of the four-day axillary bud (Chapter 3, Figure 
3B-C). A General Introduction precedes the journal articles and is followed by a 
General Conclusion and a section for Literature Cited. The journal articles are 
formatted according to guidelines designated by each journal. 
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CHAPTER 2. OVEREXPRESSION OF A KNOX GENE OF POTATO 
DECREASES GIBBERELLIN ACCUMULATION AND ENHANCES 
TUBER FORMATION 
A paper to be submitted to The Plant Journal 
Faye M. Rosin1,3*, Jennifer K. Hart2,3*, Harry T. Homer4, Peter J. Davies5, and David 
J. Hannapel1,2,3 
11nterdepartmental Program in Molecular, Cellular, and Developmental Biology; 
interdepartmental Genetics Major; Departments of horticulture and "Botany, 
Iowa State University, Ames, IA 50011-1100, USA 
^Department of Plant Biology, Cornell University, Ithaca, NY, 14853, USA 
Summary 
POTH1 (potato homeobox 1) is a novel class I homeobox gene isolated from 
an early stage tuber cDNA library. The RNA expression pattern of POTH1, unlike 
that of most other class I knox genes, is widespread in the cells of both 
indeterminate and differentiated tissues. Using in situ hybridization, POTH1 
transcripts were detected in meristematic cells, leaf primordia, and the vascular 
procambium of the young stem. Overexpression of POTH1 produced plants that 
'These two authors made equal contributions to this work. 
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were dwarf with altered leaf morphology. Leaves were reduced in size and 
displayed a 'mouse-ear* phenotype. The midvein was less prominent, resulting in a 
palmate venation pattern. The overall plant height of overexpression lines was 
reduced due to a decrease in intemode length. Levels of intermediates in the 
gibberellin (GA) biosynthetic pathway were altered and the bioactive gibberellin, 
GA„ was reduced. Transcript levels of GA 20-oxidase1, a key biosynthetic enzyme, 
were reduced in overexpression lines. In vitro tuberization was enhanced under 
both short- and long-day photoperiods in several POTH1 overexpression lines. 
Sense lines produced more tubers at a faster rate than controls. These results 
imply that POTH1 mediates the development of potato by acting as a negative 
regulator of GA biosynthesis. 
Introduction 
Homeobox genes, a family of transcription factors highly conserved in 
animals, plants, and yeast (Chan et al., 1998), are implicated in the control of cell 
fate. The Antennapedia (Antp) homeobox gene in Drosophila, for example, 
specifies leg identity while inhibiting the formation of an antenna (Mann and Chan, 
1996). Ectopic expression of the eyeless gene in the wing imaginai disc tissue of 
Drosophila embryos causes a normal eye to form on the wings (Haider et al., 
1995). The first plant homeobox gene to be discovered was knottedl (kn1) from 
maize (Vollbrecht et al., 1991). Dominant gain-of-function mutations of Kn1 formed 
knot-like structures along lateral veins. These knots were composed of cells that 
continued to divide rather than differentiate normally (Vollbrecht et ai, 1991; Smith 
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et al., 1992), indicating that kn1 is involved in regulating cell fate (Chan et al., 1998; 
Kerstetter et al., 1997; Clark et al., 1996). 
Knotted-Wke homeobox {knox) genes have been isolated from several plant 
species (reviewed in Reiser et al., 2000) and can be divided into two classes based 
on expression patterns and sequence similarity (Kerstetter et al., 1994). Class I 
knox genes have high similarity to the kn1 homeodomain and generally have a 
meristem-specific mRNA expression pattern. Class II knox genes usually have a 
more widespread expression pattern. Knox genes are members of the three amino 
acid loop extension (TALE) superclass of homeobox genes (Bûrglin, 1997). The 
TALE superclass includes members from plants, animals, and fungi and is 
characterized by the addition of three amino acids, proline-tyrosine-proline (PYP), 
between helices 1 and 2 of the homeodomain. Knox genes share conserved 
regions outside of the homeodomain including the MEINOX and ELK domains. The 
ELK domain has been postulated to be involved in nuclear localization, protein-
protein interactions, or suppression of gene activation (Meisel and Lam, 1996; 
Nagasaki et ai, 2001). The MEINOX domain is composed of two a-helices 
separated by a flexible linker and is conserved with the animal Meis and PBC 
domains. Proteins that contain these domains are also members of the TALE 
superclass (Bûrglin, 1997). Sakamoto et al. (1999) showed by overexpressing 
chimeric proteins of the tobacco knox family that the second half of the MEINOX 
domain was most important for determining severity of the mutant phenotypes. 
Recent studies indicate that the MEINOX domain is essential for the formation of 
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homo- and heterodimers (Bellaoui et ai, 2001; Mûller et ai, 2001; Nagasaki étal., 
2001). 
Expression patterns of knox class I genes support their role in maintaining 
meristem function. Whereas the specific expression pattern of knox class I genes is 
distinct, gene expression is usually limited to undifferentiated cells of the meristem 
and is absent from leaf primordia and other lateral organs (Reiser et al., 2000). One 
exception is the tomato knox genes which are expressed both in undifferentiated 
cells of the meristem and in differentiated cells of the leaf primordia (Chen et ai, 
1997; Pamis etal., 1997; Hareven et ai, 1996). Tomato has compound leaves, and 
this difference in expression may reflect a developmental program characteristic of 
compound leaves. 
Genetic analysis has demonstrated the role of knox class I genes in the 
formation and maintenance of the shoot apical meristem (SAM). Severe alleles of 
the Arabidopsis knox gene, shootmeristemless (stm), are characterized by the 
inability to form a SAM during embryo development (Barton and Poethig, 1993; 
Endrizzi et ai, 1996). Weak alleles of stm are able to form a SAM, but the meristem, 
and its pool of undifferentiated cells, are not maintained and terminate prematurely 
(Clark etal., 1996; Endrizzi etal., 1996). The maize kn1 is also required for 
maintenance of the SAM. Loss-of-function mutants resulted in fewer lateral 
meristems, but more lateral organs, such as leaves and carpels (Kerstetter etal., 
1997), whereas gain-of-function mutants resulted in the formation of ectopic 
meristems (Smith etal., 1992). Gain-of-function mutations in class I knox genes are 
generally a result of ectopic expression that results in changes in cell fate and 
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disruption of differentiation (Smith etal., 1992; Muehlbauer etal., 1999; Reiser et 
al., 2000). The dominant mutants of tomato, Mouse-ear (Me) and Curl(Cu), lead to 
distinct phenotypes with altered architecture and morphology of leaves. Both 
mutations are the result of ectopic expression of the same tomato knox gene, 
TKn2/LeT6(Chen etal., 1997; Parnis etal., 1997). Overexpression of kn1, NTH15, 
and OSH1 (maize, tobacco, and rice knox class I genes, respectively) in transgenic 
tobacco or LeT6/TKn2(Janssen etal., 1998) and kn1 (Hareven, etal., 1996) in 
transgenic tomato resulted in plants displaying altered leaf morphology, dwarfism, 
and loss of apical dominance (Sinha etal., 1993; Sato etal., 1996; Tamaoki etal., 
1997). In the most severe phenotypes, ectopic meristems formed near the veins of 
leaves indicating a reversion of cell fate back to the indeterminate state. In tomato, 
overexpression resulted in a several-fold increase in the complexity of the 
compound structure of the leaves (Janssen etal., 1998; Hareven, etal., 1996). 
Alterations in morphology caused by ectopic expression of knox genes were 
accompanied by changes in hormone levels. Expression of the maize homeobox 
gene kn1 has been linked to the accumulation of the hormone cytokinin. Leaf 
expiants of tobacco that overexpress kn1 were capable of cytokinin-independent 
growth and exhibited elevated cytokinin levels (Hewelt etal., 2000). Ori etal. 
(1999) showed that kn1 ectopic expression driven by a senescence-associated 
gene (SAG 12) promoter delayed senescence and increased cytokinin levels. The 
specific accumulation of cytokinins in leaves and altered leaf morphology were 
also observed when KNAT1 was overexpressed in lettuce (Frugis etal., 2001). 
Whereas elevated cytokinin levels were also observed in transgenic tobacco 
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overexpressing NTH15 and OSH1, levels of gibberellins (GA) decreased (Kusaba 
etal., 1998a; Tamaoki etal., 1997). Northern analysis revealed that expression of 
the gene encoding an important GA biosynthesis enzyme, GA 20-oxidase, 
decreased in transgenic plants resulting in the reduction of GA levels (Kusaba et 
al., 1998b; Tanaka-Ueguchi etal., 1998). The NTH 15 protein of tobacco binds to 
specific elements in regulatory regions of the GA 20-oxidase gene of tobacco to 
suppress its activity (Sakamoto etal., 2001). 
The results of this study demonstrate that a potato homeobox gene, POTH1, 
is involved in vegetative pattern formation, accompanied by a decrease in GA 
levels. Based on sequence similarity, POTH1 is classified as a class I knox gene, 
however, its expression pattern is more widespread than most of the class I knox 
genes. The phenotype of POTH1 overexpression mutants includes altered leaf 
morphology, dwarfism, decreased GA, levels, and enhanced tuber formation in 
vitro. 
Results 
Isolation and Characterization of POTH1 
An early stage tuber cDNA library (Kang and Hannapel, 1995) from 
Solanum tuberosum 'Superior" was screened for members of the homeobox gene 
family. PGR primers were designed from the consensus sequence of the 
homeoboxes of the class I genes kn1 from maize (Vollbrecht etal., 1991), KNAT1 
and KNAT2from Arabidopsis (Lincoln etal., 1994), OSH1 from rice (Matsuoka et 
al., 1993), and SBH1 from soybean (Ma et al., 1994). A mass excision of the tuber 
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cDNA library was performed, and this DNA was used as the PGR template. A band 
corresponding to the expected size of 158 nt was purified, cloned, and sequenced. 
This potato homeobox fragment was 87 % identical to the conserved positions of 
the consensus sequence created from the five class I genes (data not shown), and 
was used as a probe to screen the cDNA library. Library screening resulted in the 
isolation of a truncated, 1053-nt homeobox cDNA from the library, which was used 
as a probe to screen the library again. Three clones were isolated, and the full-
length 1383-nt potato homeobox cDNA, POTH1, was selected for further study. The 
cDNA (Genbank Accession # U65648) includes an open reading frame of 1035 nt 
coding for a 345-residue protein estimated to have a mass of 37.95 kDa. It contains 
a 134-nt 5-untranslated region, and a 216-nt 3 -untranslated region, including the 
poly-A tail. The coding sequence of the protein includes the 97-aa MEINOX 
domain, the 22-aa ELK domain, and the 64-aa homeodomain. 
To identify proteins with similarity to POTH1, a BLAST analysis (Altschul et 
al., 1990), was performed on the protein sequence and GAP analysis [Wisconsin 
Package Version 9.1, Genetics Computer Group (GOG), Madison, Wl] was used to 
determine percent similarity. POTH1 shares 86 % similarity with the homeodomain 
of KN1, classifying it as a class I homeobox protein (Kerstetter etal., 1994). 
However, over the entire protein sequence, POTH1 shares only 51 % similarity with 
KN1. The five proteins with the most similarity to POTH1 include TKN3 from tomato 
(U76408), NTH22 of tobacco (Nishimura etal., 1999), PKN2 of Ipomoea nil 
(AB016000), KNAT2 of Arabidopsis (Lincoln et al., 1994) and NTH 15 of tobacco 
(Tamaoki etal., 1997) with 94, 88, 73, 69, and 56 % similarity overall, respectively. 
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As expected, relatively high levels of conservation were observed in the 
homeodomains (97 to 83 %) and in the MEINOX domains (95 to 63 %) of this 
group. 
Southern analysis 
To study the complexity of the POTH1 gene family in the tetraploid potato 
genome, Southern analysis was performed. Genomic DNA from both S. tuberosum 
cv. FL-1607 and spp. andigena was digested with Hind III and Xba I. For both 
species, only two bands hybridized to a gene-specific probe for POTH1 (Figure 1), 
indicating that POTH1 is a member of a small gene family. A Hind III site is located 
within the cDNA sequence of POTH1. 
Accumulation of POTH1 mRNA 
Northern blot analysis was used to determine the pattern of POTH1 mRNA 
accumulation in various organs of potato (Figure 2). Poly(A)+ enriched RNA 
samples were hybridized with a digoxygenin-UTP labeled 780-nt RNA antisense 
probe with the conserved ELK region, homeobox region, and poly-A tail deleted. A 
single band, approximately 1.3 kb in length, representing POTH1 mRNA, was 
present in RNA extracted from stem, root, inflorescence, shoot apex, and swollen 
stolon apex (Figure 2, lanes 2, 3, 4, 6, and 7, respectively). POTH1 transcripts were 
not detected in either mature leaf or mature tuber RNA (Figure 2, lanes 1 and 5). 
Equal loading and the quality of the RNA loaded were ascertained via ethidium 
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bromide staining (data not shown). This autoradiograph was representative of 
several replicate hybridization blots. 
To determine more precisely the location of POTH1 mRNA accumulation, in 
situ hybridization was performed on vegetative meristems of potato (Figure 3). The 
potato SAM is comprised of two tunica layers, which divide anticlinally to produce 
the epidermis and contribute to lateral organs such as leaves, and three corpus 
layers, which divide both periclinally and anticlinally to contribute to lateral organ 
and stem development (Esau, 1977; Sussex, 1955). POTH1 mRNA accumulates in 
the two tunica and three corpus layers of the SAM, the leaf primordia, the 
procambium, and the lamina of young leaves (Figure 3a). Lower levels of POTH1 
transcript can also be detected in the developing leaflets of an older leaf (Figure 
3a, OL). A slightly lower level of POTH1 transcript can be detected in the central 
zone of the SAM, where initials divide less rapidly than adjacent cells. 
Potato plants produce underground stems that grow horizontally, called 
stolons (Jackson, 1999). Under optimum conditions, the subapical region of the 
stolon tip will begin to swell and eventually develop into a tuber. A nontuberizing 
stolon will elongate with most of its growth occurring in the tunica and corpus 
layers. The greatest concentration of POTH1 signal can be detected in the apical 
meristem of the elongating stolon (Figure 3b). Expression levels are also high in 
the lamina of the youngest leaf, the procambium, and the perimedullary 
parenchyma associated with the vascular tissue (Figure 3b). Differentiation of the 
procambium into mature vascular tissue is marked by the appearance of xylem 
elements (Esau, 1977), and POTH1 transcript accumulates in this differentiated 
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tissue as well (Figure 3b). No signal is detected in an elongating stolon tip 
hybridized with a sense POTH1 probe (Figure 3c). 
The apex of a tuberizing stolon, visibly swollen in Figure 3d, continues to 
accumulate POTH1 mRNA in the apical meristem, the procambium, the lamina of 
new leaves, and the perimedullary parenchyma, but the signal is less intense than 
in the elongating stolon apical meristem (Figure 3b). In the subapical portion of the 
swollen stolon tip (Figure 3e), where rapid radial expansion is occurring (Xu etal., 
1998a), POTH1 signal is detected, especially in the perimedullary parenchyma, 
associated with the vascular tissue. There is some signal as well in the pith and 
inner cortex (Figure 3e). Figure 3f is the sense probe control corresponding to the 
section in Figure 3e. Similar results were observed with sense probe controls in 
each section examined (data not shown). The data presented in Figure 3 is 
representative of several independent replications. Because Figures 3a-d are 
longitudinal sections through various apices at the same magnification, the location 
of labeled tissues is similar from one apex to the next. 
The overexpression of POTH1 in transgenic potato plants 
To determine the effect of POTH1 overexpression on the development of 
potato, the full-length POTH1 sequence was placed under the control of the CaMV 
35S promoter in the binary vector, pCB201 (Xiang etal., 1999). To examine the 
role of POTH1 in tuberization, two cultivars of potato (Solanum tuberosum cv. FL-
1607 and S. tuberosum ssp. andigena) were selected for transformation. Andigena 
plants are photoperiod sensitive, tuberizing only under short-day conditions 
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(Carrera etal., 2000), whereas 'FL-1607' plants tuberize under both long- and 
short-day photoperiods. A total of thirty independent transgenic lines from 
andigena and twenty independent transgenic lines from 'FL-1607' were generated 
and screened for increased POTH1 mRNA expression. Among 10 sense lines of 
andigena and 15 lines of FL-1607' that showed high levels of POTH1 mRNA 
accumulation, five independent transgenic lines of andigena and 4 lines of 'FL-
1607' were chosen for further analysis. An aberrant phenotype was observed only 
in those lines with detectable levels of POTH1 mRNA from total RNA samples. Two 
transgenic lines, andigena lines 15 and 18 had the highest levels of POTH1 mRNA 
accumulation (Figure 4a), whereas andigena lines 11, 20, and 29 had intermediate 
levels of POTH1 mRNA (Figure 4a). Similar high levels of POTH1 accumulation 
were observed in FL-1607' overexpression lines that exhibited mutant phenotypes 
(data not shown). Equivalent loading of RNA samples was verified by using an 18S 
rRNA probe from wheat (Figure 4b). 
Phenotype of POTH1 overexpression lines 
Overexpression of POTH1 resulted in a phenotype characterized by a 
reduction in plant height and leaf size (Figure 4c-f). Lines with the most abundant 
POTH1 RNA levels had the greatest reduction in overall height. The height of 
andigena lines 15 and 18 was reduced by at least 64 % compared to wildtype 
(Figure 4c). Transgenic lines with an intermediate phenotype (andigena lines 20, 
29, and 11) showed a 20 to 25 % reduction in plant height (Figure 4c). The 
decrease in plant height was due to a corresponding decrease in intemode 
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elongation (Figure 4d). The average intemode length of the severe mutant, 
andigena line 15, was 4.0 mm compared to 16 mm for wildtype andigena plants. 
The same pattern was observed for petiole and leaflet length (Figure 4e and 4f) 
with the severe phenotypes displaying the greatest reduction in size. Among the 
five sense lines, petiole length was reduced by 70 to 96 %, whereas leaflet length 
was reduced by 29 to 87 % compared to wildtype. The sixth expanded leaf from the 
shoot apex was used to measure petiole and terminal leaflet length. Similar results 
were seen for 'FL-1607' overexpression lines (data not shown). 
Transgenic plants that overexpressed POTH1 also exhibited malformed 
leaves. The overall size of the leaflets was greatly reduced and they were rounded, 
curved, and wrinkled (Figure 5a-b). Wildtype leaflets have an ovate form and 
display pinnate venation with a prominent midvein (Figure 5b, left). In the 
overexpression mutants, the midvein is less prominent and the most severe 
phenotypes exhibited a 'mouse-ear1 leaf phenotype (Figure 5b-c). The leaflets are 
heart-shaped with a shortened mid-vein. In addition, there has been a switch from 
pinnate to palmate venation (Figure 5b, right). The phyllotaxy is not altered in 
overexpression lines, however, the leaves are clustered closer to the stem due to 
shortened petioles (Figure 5c). In tomato, the dominant mutations, Mouse-ear (Me) 
and Curl (Cu), were caused by a change in the spatial and temporal expression of 
the tomato knox gene TKn2 /LeT6 (Pamis etal., 1997; Chen etal., 1997). 
Overexpression of kn1 (Hareven etal,, 1996) in tomato caused up to a six-fold 
increase in the level of leaf compoundness resulting in a leaf bearing 700-2000 
leaflets. Such a marked increase in the level of compoundness was not observed 
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in POTH1 overexpression lines. Increased proliferation of leaflets from sense lines, 
however, was common (compare wildtype and line 19 leaflets in Figure 5d). 
To determine if POTH1 overexpression affected the leaf at the cellular level, 
leaf cross-sections of the severe mutant, andigena line 15, were examined. 
Wildtype leaves consist of a palisade parenchyma layer on the adaxial side and a 
spongy parenchyma layer on the abaxial side (Figure 5e). The cells of the palisade 
layer are aligned in a vertical orientation and are tightly packed, whereas the 
spongy parenchyma cells are more loosely arranged (Figure 5e). In leaves of 
andigena line 15, the palisade parenchyma layer is absent and the spongy 
parenchyma cells are more closely packed (Figure 5f). Overall cell size in the 
leaves of andigena line 15 is reduced by about one half. The reference bars in 
Figures 5e and 5f are equal to 50 pm. 
Many of the traits of the phenotypes observed in POTH1 overexpression 
lines are similar to GA-deficient mutants. These similarities include decreased plant 
height, decreased intemode length, and darker green coloration of the leaves (van 
den Berg etal., 1995). Because of this, exogenous GA3 was applied to determine if 
the overexpression lines were responsive to GA treatment. The shoot apex of 
overexpression lines was sprayed to runoff with 10 nM GA3 in 0.002% ethanol or 
with 0.002% ethanol alone. Application of GA3 not only caused plants with a severe 
phenotype to increase in height (data not shown), but also partially rescued the leaf 
morphology of both severe and intermediate phenotypes. The compound leaf 
structure of the 'FL-1607' wildtype leaf is shown in Figure 5g. The GA3-treated leaf 
18 
(Figure 5h) of the severe mutant, 'FL-1607' line 5, is more similar in morphology to 
the wildtype leaf than to the mutant control leaf (Figure 5i). Leaflets are more ovate 
in form rather than the typical 'mouse-ear* shape. The mid-vein (arrow) is more 
prominent in the GA3-treated leaf (Figure 5h) than in the mutant leaf (Figure 5i). 
To determine if GA biosynthesis was disrupted in POTH1 overexpression 
lines, levels of intermediates in the GA biosynthesis pathway were measured. 
Levels of the intermediates GA53 and GA19 increased in POTH1 overexpression 
lines, whereas GA20, GA, and GAa levels decreased (Figure 6). In andigena line 15, 
GAgg and GA19 levels increased 4.8X and 2.1X, respectively, compared to wildtype 
(Figure 6). The levels of GA20 and GAa present in andigena overexpression lines 
were approximately half that of wildtype levels (Figure 6). Accumulation of GA53 and 
GA19 with a concomitant decrease in GA ,^ GAV and GAa indicates that the G A 
biosynthetic pathway is blocked at the oxidation of GA19 to GA20, leading to a 
decrease in the levels of bioactive GAV 
Overexpression lines were deficient in bioactive GAs, but were responsive to 
the exogenous application of GA3. This suggests that GA biosynthesis is inhibited 
in the overexpression lines. In addition, accumulation of GA53 and GA19, with a 
decrease in GA20 and GA, (Figure 6), indicates that the activity of the biosynthetic 
gene, GA 20-oxidase, may be suppressed. GA 20-oxidase catalyzes the oxidation 
of carbon 20 of GA  ^to GA„ to GA19 to GA20. The enzyme GA 3-oxidase then 
converts GA20 to the active GA, (Hedden and Kamiya, 1997). To determine if 
POTH1 overexpression causes a change in GA 20-oxidase mRNA levels, RNA blot 
analysis was performed using one of the potato genes encoding GA 20-oxidase, 
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StGA20ox1, as a probe (Carrera et al. 1999). In the overexpression lines, 
StGA20ox1 mRNA levels were reduced substantially compared to levels in 
wildtype lines (Figure 7). 
GA is an inhibitor of tuberization (Xu et al., 1998b), and because levels of 
active GAs were reduced in transgenic plants, an in vitro tuberization assay 
(Konstantinova et al., 1999) was used to determine the effect of POTH1 
overexpression on tuberization. After 2 weeks under a 16 h light, 8 h dark 
photoperiod to induce rooting, plants were cultured on 6% sucrose under either an 
8 h light, 16 h dark (inductive) or 16 h light, 8 h dark (noninductive) photoperiod. 
After 10 days, the overexpression lines had 60 to 82% and 19 to 68% tuber activity 
under short and long days, respectively, compared to 0% activity for wildtype plants 
(Table 1). Tuber activity was calculated as the percentage of plants that formed 
either a swollen stolon or a tuber. At 14 days, overexpression lines produced an 
average of 0.7 to 1.5 tubers per plant under short days, whereas wildtype plants 
produced an average of 0.08 tubers per plant (Table 1). Comparable results were 
observed under long days (Table 1). Under short-day conditions, the POTH1 
overexpression lines could produce more tubers in less time than controls and 
apparently, also overcome the negative effects of a long-day photoperiod on tuber 
formation. The 'FL-1607' overexpression lines also exhibited increased tuber 
activity under both photoperiods (data not shown). 
Discussion 
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Isolated from an early stage tuber cDNA library, POTH1 is a homeobox gene 
belonging to the knox gene family. It contains the conserved homeodomain, ELK, 
and MEINOX domains. The homeodomain contains the invariant residues, PYP, 
between helices 1 and 2, making it a member of the TALE superclass. Because of 
its close sequence match with the KN1 homeodomain, POTH1 is classified as a 
knox class I homeobox gene. 
POTH1 has a widespread mRNA expression pattern 
Even though POTH1 is classified as a class I knox gene, it has a more 
widespread mRNA expression pattern than other class I genes. POTH1 is 
expressed in actively growing organs, but not in mature leaves or tubers. Unlike the 
mRNA expression pattern of kn1 which is limited to corpus cells of the apical 
meristem (Jackson et al., 1994), in situ hybridization showed that POTH1 mRNA 
accumulates in the meristematic and indeterminate cells of the SAM, determinate 
leaf primordia, the expanding lamina of new leaves, and developing leaflets of 
older leaves. The expression pattern of POTH1 mRNA in the unswollen stolon is 
similar to that seen in the shoot apical meristem. Signal was highest in 
undetermined, meristematic cells, but was also detected in the lamina of young 
leaves and the vascular tissue of the stem. Once tuberization has been initiated, 
the signal becomes less intense at the stolon apex, but is present in the vascular 
tissue in the subapical portion of the stolon. At this stage of tuberization, elongation 
of the meristem has stopped, and rapid, radial expansion occurs in the subapical 
region (Reeve et al., 1969). 
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Most class I knox genes have a more limited pattern of mRNA expression, 
restricted to undifferentiated cells of the meristem (Reiser et al., 2000). Members of 
the tobacco knox family have distinct expression patterns within the SAM. NTH 15 
and NTH1 are expressed throughout the corpus, NTH20 is expressed in the 
peripherary zone, and NTH9 is expressed in the rib zone of the SAM (Nishimura et 
al., 1999). The tomato knox class I genes, TKn1 and TKn2/LeT6, have a expression 
pattern similar to POTH1 with transcripts detectable in meristematic and 
differentiated cells. Expression of TKn2/LeT6 was detected in the corpus of the 
meristem, developing leaf primordia, leaflet primordia and margins, and the 
vascular cells of the leaf (Chen et al., 1997; Janssen et al., 1998). This expanded 
expression pattern in tomato has been attributed to the differences in compound 
leaf development compared to simple leaf development and the expansion of 
undifferentiated tissues to include developing leaflets. Potato is unique because it 
forms compound leaves from the vegetative shoot apical meristem above ground, 
but forms simple, scale leaves from the stolon meristem below ground (Sussex, 
1955). Expression of POTH1 is detected in young leaves that arise from both the 
shoot apical and stolon meristems. This indicates that POTH1 mRNA expression 
alone is not the determining factor for the development of compound leaves in 
potato. In the shoot or stolon meristem, the activity of POTH1 may be regulated 
differently through interaction with partner proteins (Chen et al., 2002) specific for 
shoot or stolon meristem development. 
Phenotype of POTH1 overexpression transgenic lines 
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Overexpression of POTH1 resulted in altered leaf morphology, dwarfism, 
and increased rates of in vitro tuberization. Leaves were small, wrinkled, and 
curved. Both severe and intermediate phenotypes were characterized by a 'mouse-
ear* leaf phenotype. Leaves were heart-shaped with a decreased midvein and 
palmate venation. The petioles were reduced in length resulting in leaves 
clustering closer to the stems. Overexpression lines exhibited dwarfism as a result 
of reduced intemode length. The severity of the phenotype was correlated with the 
greatest levels of POTH1 sense transcript accumulation. Cross-sections of leaves 
revealed that the mesophyll cell organization was disrupted with the palisade 
parenchyma layer missing in POTH1 overexpression lines. The tightly packed cells 
were about half the size of the wildtype cells. A similar disruption in leaf 
parenchyma cell layers was observed in sense mutants of KNAT1 and KNAT2 
(Chuck etal., 1996; Frugis et al., 2001; Pautot etal., 2001). Because class I knox 
genes are implicated in maintaining the undifferentiated state of cells (Chan etal., 
1998), disruption in leaf architecture is likely a result of a defect in the normal 
differentiation program. 
Based on overexpression phenotypes, POTH1 and NTH22 of tobacco 
(Nishimura et al., 2000) appear to have similar functions that overlap, but are 
distinct from, the class I knox genes, kn1, NTH15, OSH1, and KNAT1. Like 
overexpression of POTH1 in potato and NTH22 in tobacco, overexpression of kn1, 
NTH15, OSH1, KNAT1 in tobacco or Arabidopsis (Sinha etal., 1993; Sato etal., 
1996; Tamaoki etal., 1997; Chuck etal., 1996; Lincoln etal., 1994) resulted in 
dwarfism, decreased intemode elongation, shortened petioles, and small deformed 
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leaves. Additional phenotypes, including ectopic meristem formation, loss of apical 
dominance, and delayed senescence, however, were not observed in POTH1 or 
NTH22 overexpression transgenic lines. Whereas there seems to be some 
redundancy in function between different members of the knox gene family, (for 
example, regulation of GA biosynthesis), POTH1 is not likely to have an identical 
function to kn1, NTH 15, or OSH1. Rather, these genes are likely to have different 
subsets of target genes, which is reflected in their differences in homeodomain 
sequence (83 to 86 % match to POTHTs homeodomain, compared to a 98 % 
match for NTH22). 
Ectopic expression of POTH1 results in GA deficiency 
Similar to the knox genes, NTH15 of tobacco and OSH1 of rice, our results 
indicate that POTH1 is a negative regulator of GA biosynthesis. POTH1 
overexpression transgenic lines share many phenotypes with GA-deficient mutants 
including dwarfism, decreased intemode elongation, and darker leaf coloration 
(van de Berg etal., 1995). Exogenous application of GA3 partially rescued the 
aberrant leaf phenotype indicating that overexpression lines were responsive to 
GA. Levels of the bioactive GA, GAV were reduced in overexpression lines, 
whereas intermediates prior to GA20 in the pathway accumulated. Additionally, the 
mRNA levels of a key GA biosynthetic enzyme, GA 20-oxidase1, were reduced in 
overexpression lines. When NTH15 and OSH1 were overexpressed in tobacco, the 
levels of the hormones, auxin, cytokinin, abscisic acid, and GA were altered. GA, 
levels were reduced to 1.4% and 0.4-3.5% of controls in intermediate 35S-NTH15 
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and severe or mild 35S-OSH1 transgenics, respectively. (Kusaba etal., 1998a; 
Tamaoki etal., 1997). In tobacco, NTH15 affects plant growth by negatively 
regulating GA levels by suppressing the transcription of the tobacco GA 20-oxidase 
gene through a direct interaction with regulatory elements (Sakamoto etal., 2001). 
POTH1 overexpression lines exhibited an increase in both the rate of 
tuberization and the total number of tubers formed under both short- and long-day 
photoperiods. These sense lines appear to have the capacity to overcome the 
negative effects of a long-day photoperiod on tuberization in vitro. Enhanced 
tuberization can be partially attributed to the decrease in GA, levels caused by 
POTH1 suppression of GA 20-oxidase1. Pytochrome B (PHYB) and GAs are 
involved in inhibiting tuberization under long-day photoperiods. A long-day 
photoperiod is sensed by the leaves and an inhibitory signal mediated by PHYB is 
transmitted from the leaves to the stolons to inhibit tuberization (Jackson, 1999). GA 
activity is regulated by light, decreasing under short-day photoperiods (Railton and 
Wareing, 1973) and is involved in the photoperiodic control of stolon growth. High 
levels of GA in the stolon tip favor elongation of stolon meristems, whereas 
decreasing levels are required for initiation of tuberization (Xu etal., 1998b). GA 
20-oxidase is a key enzyme in the GA biosynthetic pathway. In potato, the GA 20-
oxidase genes are regulated by GA, feedback inhibition, blue light, and PHYB 
(Jackson etal., 2000). Whereas PHYB antisense plants were able to form tubers 
under both long- and short-day photoperiods (Jackson etal., 1996), transgenic 
antisense andigena plants with suppressed levels of GA 20-oxidase1 (StGA20ox1 ) 
were not able to overcome the negative effects of photoperiod on tuberization in 
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soil-grown plants (Carrera et al., 2000). While our experiments involved an in vitro 
assay rather than soil grown plants, Konstantinova etal. (1999) demonstrated that 
an in vitro assay for tuber formation is a reliable method for ascertaining the effect 
of photoperiod on tuberization in a photoperiod responsive cultivar. While it is 
possible that GA levels are not reduced sufficiently in antisense G A 20-oxidase 1 
plants, an additional signal may be involved in the long-day-photoperiod inhibition 
of tuberization. This suggests that in addition to reducing GA levels, POTH1 
overexpression may enhance tuberization under long days by overcoming the 
effects of other negative regulators. 
Regulation of POTH1 activity during development 
Overexpression of POTH1 potentially regulates development in the SAM 
and in underground stolons through a reduction in bioactive GA levels in 
vegetative meristems. Whereas GA levels are high in the elongating unswollen 
stolon and decrease in swollen stolons (Xu etal., 1998b), POTH1 mRNA 
accumulates in both unswollen and swollen stolons. If POTH1 is a negative 
regulator of GA synthesis, how can its expression mediate a decrease in GA levels 
in the swollen stolon leading to tuberization, but not in the elongating unswollen 
stolon tip? With other TPs, an interaction with a partner protein can regulate 
development by affecting the binding of the homeodomain(s) to the DNA of a target 
gene. In Antirrhinum, for example, formation of a ternary complex consisting of the 
MADS box proteins, SQUA, DEF, and GLO, greatly increases DNA binding 
compared to SQUA homodimers or DEF/GLO heterodimers alone (Egea-Cortines 
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et al., 1999). The interaction of HOX proteins with PBC proteins in animais 
modulates the affinity of the HOX proteins for specific DNA binding sites (Chang et 
al., 1997). HOX homodimers have different DNA binding sites than HOX-PBC 
heterodimers (Mann and Chan, 1996) indicating that the target gene (and function) 
is dependent on protein-protein interactions. Additionally, HOX-PBC complexes 
can be activators or repressors of transcription depending on the cell-type and the 
presence of a third interacting partner (Saleh et al., 2000). With the formation of 
different combinations of heterodimers and ternary complexes, the potential to 
regulate growth by interacting with different target genes is greatly increased. 
It is clear that the interaction of KNOX proteins with other proteins is an 
important mechanism for regulating development. Protein-protein interactions 
between BEL-type TPs and KNOX proteins have been reported in barley (Mùller et 
al., 2001) and Arabidopsis (Bellaoui etal., 2001). Homodimerization of KNOX 
proteins of barley (Mùller et al., 2001) and rice (Nagasaki et al., 2001) has also 
been demonstrated. Sakamoto etal. (1999) showed by expressing chimeric 
proteins in transgenic tobacco plants that the region of the MEINOX domain 
(designated KNOX2) involved in protein interaction was more important than the 
homeodomain in determining the severity of the mutant phenotype. By using a 
yeast two-hybrid library screen, seven unique proteins were isolated from potato 
stolons that interact with POTH1 (Chen etal., 2002). These seven proteins are 
homeobox genes of the BEL1-like family and members of the TALE superclass. 
Whereas POTH1 has a widespread mRNA expression pattern, the seven potato 
BELs have a differential pattern of expression. It is possible that POTH1 interacts 
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with one BEL protein to negatively regulate GA levels in the tuberizing stolon, but 
interacts with a different BEL partner in the elongating stolon or SAM. 
Overexpression of one of the POTH1-interacting proteins, StBEL-5, enhances 
tuberization under both long- and short-day photoperiods; but unlike POTH1 
overexpression, leaf morphology is not altered (Chen et al., 2002). In a tandem 
complex with a specific BEL partner, POTH1 could activate transcription of a set of 
target genes in one organ or set of cells and with another partner suppress those 
same genes in a different organ. 
Experimental Procedures 
Amplification of potato homeobox fragment for use as probe 
Two primers, Primer 1 (5 -AAGAAGAAGAAGAAAGGGAA) and Primer 2 (5 -
ATGAACCAGTTGTTGAT) were designed based on comparison of the homeobox 
regions of five class I homeobox genes {KN1, KNAT1, KNAT2, OSH1, and SBH1) 
to correspond to the most highly conserved portions of the homeobox, and were 
synthesized at the DNA Synthesis Facility at Iowa State University. Template DNA 
was prepared from a mass in vivo excision of a 4-day axillary bud tuber XZAP®II 
cDNA library (Stratagene, La Jolla, CA) from potato cv. Superior. The potato 
homeobox fragment was amplified using an annealing temperature of 45° C and 
cloned into the pCR2.1 vector of the TA Cloning® Kit (Invitrogen, Carlsbad, CA). 
Library screening and sequence analysis 
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The early tuberization stage library was constructed as described (Kang and 
Hannapel, 1996). Screening of 400,000 pfu was accomplished using 100 ng of 32P-
labeled PCR-generated probe in 50 % formamide (50% deionized formamide, 6x 
SSC, 3.4x Denhardt's solution, 25 mM sodium phosphate buffer, pH 7.0, 120 fig/ml 
denatured salmon sperm DNA, 0.4% SDS) at 42° C for 48 hr Membranes were 
washed with 2X SSC/0.1 % SDS, 25° C, 5 min; then twice with 2X SSPE/0.1 % 
SDS, 65° C, 20 min. 
POTH1 was sequenced at the Nucleic Acid Sequencing Facility at Iowa State 
University. Sequence analyses performed included BLAST (Altschul etal., 1990) 
and GAP [Genetics Computer Group (GCG), Madison, Wl]. 
RNA isolation and northern blot analysis 
Total RNA was isolated (Dix and Rawson, 1983) from potato (Solanum tuberosum 
L.) plants grown in the greenhouse at 20 to 25° C under 16 h light. Total RNA was 
enriched for poly (A)+ RNA by separation over an oligo-dT column and northern gel 
electrophoresis was performed using methyl mercury as a dénaturant. Ethidium 
bromide staining under UV light was used to ascertain equal gel loading and 
efficient transfer to nylon membranes. The Genius™ nonradioactive nucleic acid 
labeling and detection system (Roche Biochemicals, Indianapolis, IN) was used. 
Fifteen ng/ml of digoxygenin-UTP-labeled antisense RNA probe in 50 % formamide 
was hybridized to filters at 55° C overnight. Membranes were washed twice for 5 
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min in 2X SSC, 0.1 % SDS at 25° C, and then washed twice for 15 min in 0.1 X 
SSC, 0.1 % SDS at 68° C. The membranes were then incubated 30 min in 
blocking solution: maleic acid buffer pH 7.5 (1:10), 30 min in anti-digoxygenin-
alkaline-phosphatase conjugate: maleic acid buffer (1:10,000), washed twice for 15 
min in maleic acid buffer, and equilibrated 5 min in detection buffer before addition 
of disodium 3-[4-metho xyspiro {1,2-dioxetane-3,2'-[5'-chloro]tricyclo 
[3.3.1.13,7]decan}-4-yl] phenyl phosphate (CSPD) substrate solution. Membranes 
were exposed to film for 30 to 45 min at 25° C. 
In situ hybridization analysis 
Preparation of tissue samples and in situ hybridizations were performed as 
described (Canas etal., 1994). Digoxygenin-UTP-labeled RNA probes, both sense 
and antisense, were transcribed with RNA polymerases according to instructions 
(Roche Biochemicals), and hydrolyzed using 0.2 M sodium carbonate and 0.2 M 
sodium bicarbonate at 65° C for 51 min. Unincorporated nucleotides were removed 
over a Sephadex G-50 column. 
For immunological detection, the slides were incubated in buffer 1 (1 % 
blocking solution, 100 mM Tris pH 7.5,150 mM NaCI) for one hour, then 
equilibrated with buffer 2 (100 mM Tris pH 7.5, 150 mM NaCI, 0.5 % BSA, and 0.3 
% Triton X-100). Tissue sections were then incubated with anti-digoxygenin-
alkaline-phosphatase conjugate diluted 1:1000 in buffer 2 in a humidified box for 2 
h, then washed three times for 20 min in 100 mM Tris pH 7.5,150 mM NaCI. The 
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tissue sections were equilibrated in buffer 3 (100 mM Tris pH 9.5,100 mM NaCI, 50 
mM MgCI2) for 10 min, then incubated in 3.2 pg/ml 5-bromo-4-chloro-3-indolyl-
phosphate (BCIP): 6.6 ng/ml nitro-blue tetrazolium salt (NBT) in buffer 3 in a 
humidified box for 13 h (above-ground tissues) or 7 h (underground tissues). 
Accumulation of POTH1 mRNA is visualized as an orange/brown stain under dark 
field illumination. Sections were viewed and photodocumented using the dark field 
mode on the Leitz Orthoplan light microscope. 
35S-POTH1 transformation of potato plants 
The full length POTH1 cDNA was cloned into the binary vector, pCB201 (Xiang et 
al., 1999) between the CaMV 35S promoter and the nos terminator. Two potato 
cultivars Solanum tuberosum ssp. andigena and cv. FL-1607 were transformed by 
the Agrobacterium tumefaciens (strain GV2260) mediated leaf-disk transformation 
method (Liu etal, 1995). A total of thirty independent transgenic lines from 
andigena and twenty independent transgenic lines from 'FL-1607' were screened 
for insertion of the transgene and accumulation of POTH1 mRNA. Five independent 
transgenic lines of S. tuberosum spp. andigena and 4 lines of S. tuberosum cv. 
FL-1607 that showed high levels of POTH1 mRNA accumulation were selected for 
further analysis. Untransformed tissue culture plants were used as controls. 
Nucleic acid hybridizations 
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Genomic DNA was isolated using the cetyltrimethylammonium bromide (CTAB) 
mini-plant DNA extraction method (Doyle and Doyle, 1987). DNA (10|xg) was 
digested with Hind III or Xba I (Promega, Madison, Wl), and gel electrophoresis 
was performed. DNA was denatured and blotted according to the methods 
described by Kolomiets etal. (2000). Total RNA was isolated with TriPure Isolation 
Reagent (Roche Biochemical) and gel electrophoresis was performed using 10 
mM methyl mercury (II) hydroxide as a dénaturant. For hybridization with 
STGA20ox1, shoot tip samples were collected at the same time of day to avoid 
variations due to diumal regulation. Probes were labeled with [a-32P]dCTP 
(RadPrime DNA Labeling System, Gibco BRL, Gaithersburg, MD). POTH1 probes 
were generated by using the 730 nt EcoR I fragment of POTH1 from the pCR2.1 
vector (Invitrogen, Carlsbad, CA) with the ELK and homeodomains deleted. The 
1.5 kb EcoR I -Xho I fragment of StGA20ox1 cDNA (Carrera et al., 1999) was 
provided by Salome Prat (Barcelona, Spain). All membranes were hybridized at 
42° C for 70 h in 50% formamide. The membranes were rinsed in 2X SSC/ 0.1% 
SDS, 25° C, followed by 1X SSC /0.1% SDS for 0-20 min at 65° C, then 0.1X SSC 
/0.1% SDS for 20-30 min at 65° C. Film was exposed for 4 to 7 days. 
Light microscopy 
Leaf tissue was fixed in 2% glutaraldehyde, 2% paraformaldehyde in 0.1 M sodium 
phosphate buffer pH 7.0 at 4° C for 72 h, dehydrated in a graded ethanol series 
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and embedded in LR White resin (Electron Microscopy Sciences, Ft. Washington, 
PA). One |im thick sections were cut on an ultramicrotome (ReichertZ Leica, 
Deerfield, IL) and stained with 1% toludine blue. Sections were viewed and 
photodocumented using bright field microscopy. 
GA analysis 
Three replicates of shoot tips down to the sixth expanded leaf (10 g each), were 
harvested in liquid nitrogen and frozen at -80°C. The tissue was ground with 80% 
methanol (MeOH) and incubated at 4° C overnight. fHJ-GA internal standards 
were added in the following amounts in ng/g fwt: GA,: 1, GAa: 10, GA19:10, GA :^ 20, 
and GA53: 5. The extract was filtered through Highflo Supercel and washed with 
80% MeOH. After evaporation of the MeOH in vacuo, 0.5 M Na2HP04 was added to 
bring the pH to about 8.5, followed by addition of 20 mL of hexane. The flask was 
mixed well and the hexanes were evaporated off in vacuo. The solution was than 
acidified to pH 3-3.5 with glacial CH3COOH (acetic acid) and incubated for 15 min. 
The sample was than filtered through polyvinylpolypyrrolidone (PVPP) and washed 
with 0.2% acetic acid. The eluate was loaded onto a prepared Baker SPE (C18) 
cartridge and washed with 0.2% acetic acid. The sample was eluted off the column 
with 7 mL of 80% MeOH, evaporated to dryness, and dissolved in 1 mL 100% 
MeOH. The MeOH-insoluble precipitate was removed by centrifugation and the 
supernatant was evaporated to dryness, redissolved in 0.8 mL 0.2% acetic acid, 
and filtered through a 45 pm filter. A one mL loop was used to load the sample onto 
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the C16 H PLC column (Econosphere: Phenomenex, Torrance, CA) run with the 
following 0.2% acetic acid to acetonitrile gradient: 5%-20% over 2 min; 20-35% 
over 15 min; 35-75% over 15 min. Fractions for the following GAs were taken as 
follows: 10 -14.3 min for GAa; 15.3 -17.45 min for GA,; 23 - 27 min for GAig and 
GAg,,; 27 - 29.3 min for GA53. Fractions were collected separately and methylated 
with diazomethane in ether. Samples were dried, redissolved in 1 mL ethyl acetate, 
and partitioned against water. The aqueous phase was partitioned against another 
1 mL of ethyl acetate and the ethyl acetate fractions were combined. The samples 
were dried and placed under high vacuum over P205. The samples were dissolved 
in 2 pL dry pyridine and 10 pL BSTFA [bis(trimethylsilyl)trifluoro-acetamide] with 1 
% TMCS (trimethylchlorosilane) (Sylon BFT: Pierce, Rockford, IL) and heated at 
80° C for 20 min. Samples were analyzed by GC-SIM on a GC-MS 
(HewlettPackard 5890 GC + 5970B MS) with a 15m Zebron ZB1 column 
(Phenomenex, Torrance, CA). The carrier gas, He, was set at a flow rate of approx. 
35 cm/sec. The initial column temperature was 60° C for one min and then 
increased at a rate of 30° C/min to 240° C and then to 290° Cat a rate of 4° C/min. 
The injector temperature was 225° C and the temperature of the detector was 300° 
C. Concentrations of GA ,^ GA19, GA20, GA, and GAa were determined by calculating 
the area of the peaks, 448/450, 434/436, 418/420, 506/508, and 594/596, 
respectively, at the correct Kovats retention indices. Reference spectra were 
obtained from Gaskin and Macmillan (1991). Cross-ion corrections were calculated 
according to the following formula where: R, = % endogenous ion in final; R2 = % 
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heavy ion in final; A, = % endogenous ion in natural unlabelled sample; A2 = % 
heavy ion in natural unlabelled sample; B = heavy isotope internal standard. 
Amount of natural compound (A) = [R1 1 x Amount of B added 
[R2xA1 - R1xA2] 
In vitro tuberization 
Cuttings of transgenic and control plants were placed in Murashige-Skoog (MS) 
media plus 6% sucrose (Konstantinova etal., 1999). After 2 weeks under long days 
(16 h light, 8 h dark) to promote rooting, plants were cultured separately under 
either long or short day (8 h light, 16 h dark) conditions. Plants were examined for 
tuber activity (percentage of plants that produced either swollen stolons or tubers) 
and the number of tubers were counted. 
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Table 1. In vitro tuberization of POTH1 overexpression lines. S. tuberosum spp. 
andigena transgenics were placed on Murashige-Skoog media supplemented 
with 6% sucrose under either short-day (SD) or long-day (LD) conditions. At least 
12 plants per line were monitored for total number of tubers that formed and tuber 
activity (percentage of plants that produced either swollen stolons or tubers). 
Numbers in parentheses are the average number of tubers produced per plant. 
# tubers (tubers/plant) % tuber activity 
line 14d SD 14d LD line 10d SD 10d LD 
control 1 (-08) 1 (.06) control 0 0 
1200-29 21(1.4) 14 (.88) 1200-29 60 40 
1200-11 13 (.72) 22 (1.2) 1200-1 1 78 68 
1200-15 17 (1.5) 2 (.12) 1200-15 82 19 
1200-18 12 (.86) 8 (.57) 1200-18 79 43 
Figure Legends 
Figure 1. Southern hybridization of POTH1. 
Genomic DNA (10 gg) was digested with the restriction enzymes, Hind\\\ (H) or 
Xba I (X) and hybridized to a 32P-labeled POTH1 probe which did not include the 
ELK or homeodomains. There is a restriction site for Hind III within the coding 
sequence of POTH1. Size markers in kb are shown on the right. 
Figure 2. POTH1 mRNA accumulation in various organs of the potato plants. 
Poly(A)-enriched RNA (5 |ig in each lane) was hybridized to a digoxygenin-rUTP-
labeled POTH1 RNA antisense probe with the ELK and homeodomain deleted. MT, 
mature tuber; S, stem; R, root; IN, inflorescence; ML, mature leaf; SA, shoot apex; 
SS, swollen stolon apex. Equal loading of intact poly(A)+ RNA in each lane was 
confirmed by ethidium bromide staining (not shown). The hybridizing bands are 
approximately 1.3 kb in length. 
Figure 3. Localization of POTH1 mRNA in potato plants is revealed by in situ 
hybridization. 
Presence of POTH1 mRNA is indicated by an orange/brown stain under dark-field 
microscopy. All micrographs are of equal magnification. Size bar = 300 gm. 
(a) Longitudinal section through a vegetative shoot apex, probed with antisense 
POTH1. AP, apical meristem; L, leaf lamina; OL, older leaf lamina. Asterisks 
indicate leaf primordia (beneath AP) and procambium (to left of AP). 
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(b) Unswollen stolon apex, antisense POTH1. AP, apical meristem; P, procambium; 
asterisk, lamina of young leaf; V, perimedullary parenchyma associated with 
vascular tissue; X, xylem element. 
(c) Unswollen stolon apex, sense POTH1. 
(d) Swollen stolon apex, antisense POTH1. AP, apical meristem; P, procambium; V, 
perimedullary parenchyma and vascular tissue; L, lamina of young leaf. 
(e) Swollen stolon, subapical longitudinal section, basal to section in 5d, antisense 
POTH1. IC, inner cortex; V, perimedullary parenchyma and vascular tissue; PI, pith. 
(f) Swollen stolon, subapical section, sense POTH1. 
Figure 4. POTH1 mRNA accumulation in transgenic potato plants and the 
evaluation of leaf and stem traits in POTH1 overexpression lines. 
(a) Total RNA (5 ng) from shoot tips of wildtype (WT) and independent transgenic 
lines, andigena 15,18, 20, 29, and 11 were hybridized to a 32P-labeled POTH1 
probe with the ELK or homeodomain deleted. 
(b) Membranes were stripped and hybridized with 32P-labeled 1.2 kb wheat 18S 
rRNA to ascertain equal loading and transfer. 
(c-f) Three plants each of wildtype and overexpression lines, andigena 15,18, 20, 
29, and 11 were examined. Standard error is indicated for each mean. 
(c) Plant height and (d) intemode length were examined for 75-day old plants, 
(e) Petiole length and (f) the terminal leaflet length were measured for the sixth 
expanded leaf of 84-day old plants. 
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Figure 5. Phenotype of the leaves of POTH1 overexpression lines. 
(a) Overall size and shape of leaves from the andigena intermediate and severe 
overexpression lines, line 20 and line 15, respectively, have been altered 
compared to wildtype leaves (WT). 
(b) Wildtype leaflets (WT) have a prominent mid-vein (mv) and pinnate venation 
pattern. The andigena intermediate overexpression mutant (line 20) has a mouse-
ear shape, a shortened mid-vein, and palmate venation pattern. 
(c) The severe mutant, andigena line 15, has a mouse-ear leaf phenotype and 
shortened petioles causing leaves to cluster closely to the stem. 
(d) The rachis and associated leaflets were detached from the petiole of a wildtype 
(WT) and a representative sense line (19), to show a slight increase in the 
proliferation of leaflets. 
(e) Cross-section through a wildtype leaf showing the arrangement of cell layers, e, 
epidermis; sp, spongy parenchyma; pp, palisade parenchyma. Size bar = 50 nm. 
(f) Cross-section through andigena line 15 leaf showing the cell layers that lack a 
palisade parenchyma layer. Size bar = 50 gm. 
(g) Wildtype leaf from 'FL-1607' showing the morphology of a compound leaf, 
(h-i) The compound leaf structure is shown for the overexpression mutant, 'FL-
1607' line 5. Shoot tips were treated with either (h) 10p.M GA3 in 0.002% ethanol or 
with (i) 0.002% ethanol alone. The midvein is marked with an arrow in (h). Note that 
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the morphology of the GA3-treated leaf (h) is more similar to the wildtype leaf (g) 
than to 'FL-1607' line 5 control leaf (i). 
Figure 6 Levels of intermediates in the GA biosynthetic pathway. 
GAs were extracted from shoot tips down to the sixth expanded leaf from wildtype 
and andigena POTH1 overexpression lines 15, 20, and 11. GAs were separated by 
HPLC and levels were measured by GC-MS. GA ,^ GA19, and GA  ^are precursors 
to GA,, the physiologically active G A, whereas GAa is the inactive form. GA53 and 
GA19 levels increased, whereas GA20, GA„ and GAa levels decreased in POTH1 
overexpression lines. Measurements are the average of three replications. 
Standard error is indicated for each mean. Concentrations of GA53, GA19, GA20, GA, 
and GAgWere determined by calculating the area of the peaks at the correct Kovats 
retention indices (KRI) at 448/450 (KRI = 2497), 434/436 (2596), 418/420 (2482), 
506/508 (2669), and 594/596 (2818), respectively. 
Figure 7. The accumulation of mRNA for GA 20-oxidase1 in transgenic plants that 
overexpress the potato knox gene, POTH1. 
(a) Five gg of total RNA from the shoot tips of wildtype lines (designated 2, 9, and 
10) and the overexpression lines, andigena 11, 15, and 18 were hybridized with a 
1.2 kb fragment of the potato G A 20-oxidase1 cDNA, StGA20ox1 (Carrera et al. 
1999). 
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(b) The membrane was stripped and reprobed with 18S wheat rRNA to ascertain 
equal loading and efficient transfer. 
andigena 
Figure 1. 
48 
Figure 2. 
Figure 3. 
petiole length (cm) 
O -* hJ CJ 4^  Ol O) 
leaflet length (cm) 
o —» ro w 
plant height (cm) «, 
e ui 8 Si 8 M 
Ave intemode length(mm) a 
Figure S. 
52 
GA. GA 1» GA» GA. 
•Wildtype 
• line 15 
El line 20 
• line 11 
GA. 
Figure 6. 
53 
POTH1 
sense lines 
10 11 15 18 
I A TIT 
Figure 7. 
54 
CHAPTER 3. SUPPRESSION OF A VEGETATIVE MADS BOX GENE OF 
POTATO ACTIVATES AXILLARY MERISTEM DEVELOPMENT 
A paper to be submitted to Plant Physiology 
Faye M. Rosin, Jennifer K. Hart, and David J. Hannapel 
Interdepartmental Program in Molecular, Cellular, and Developmental Biology; 
Department of Horticulture, Iowa State University, Ames, IA 50011-1100, USA 
Summary 
POTM1 (potato MADS box) is a member of the SQUA-like family of plant 
MADS box genes isolated from an early stage tuber cDNA library. The RNA of 
POTM1 is most abundant in vegetative meristems of potato, accumulating 
specifically in the tunica and corpus layers of the meristem, the procambium, the 
lamina of new leaves, and newly formed axillary meristems. Transgenic lines with 
reduced levels of POTM1 mRNA exhibited decreased apical dominance 
accompanied by a compact growth habit and a reduction in leaf size. Suppression 
lines produced truncated, shoot clusters from stem buds and, in a model system, 
exhibited enhanced axillary bud growth instead of producing a tuber. This 
enhanced axillary bud growth was not a result of increased axillary bud formation. 
Tuber yields were reduced and rooting of cuttings was strongly inhibited in POTM1 
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suppression lines. Both starch accumulation and the activation of cell division 
occurred in specific regions of the vegetative meristems of the POTM1 transgenic 
lines. These results imply that POTM1 mediates the development of the vegetative 
meristem and contributes to the control of axillary bud growth. 
Introduction 
Vegetative development is characterized by a reiterative pattern of growth, 
(leaf, node, intemode, axillary bud)n, initiated by the shoot apical meristem (SAM). 
The tremendous diversity in vegetative pattern formation between plant species 
arises from this same basic pattern. Interaction between the SAM and the axillary 
meristems is responsible for the overall pattern of shoot and branching architecture 
that is observed. While this interaction is genetically determined, it is also mediated 
by internal and external cues such as hormone levels, light, or mechanical stimuli 
(reviewed in Sussex and Kerk, 2001). The SAM is responsible for primary shoot 
growth, whereas lateral branching is initiated by the development of axillary 
meristems. Produced in the axils of leaves, axillary meristems arise post-
embryonicaliy and are derived either directly from the meristematic cells of the 
SAM (potato) or from previously differentiated cells (Arabidopsis) (Sussex, 1955; 
Schmitz and Theres, 1999). There are two stages of axillary meristem 
development: initial formation and subsequent growth. After axillary meristem 
initiation, the SAM maintains its role as the primary site of growth by inhibiting the 
growth of axillary meristems. This phenomenon, called apical dominance, is 
mediated by the hormones cytokinin and auxin (Chatfield et al., 2000). In potato, 
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underground stems produce a specialized vegetative shoot called the stolon. The 
stolon meristem grows as a horizontal stem and will develop into a tuber under 
favorable conditions or a vegetative shoot if exposed to sufficient light. 
A number of plant transcription factors play an important role in regulating 
the development of the SAM. MADS box genes are an example of a family of 
highly conserved transcription factors that have diverse roles in plant development. 
While not examined as extensively as their role in floral organ identity (Weigel and 
Meyerowitz, 1994; Thei(3en, 2001), MADS box genes are important regulators of 
vegetative development. JOINTLESS, a tomato MADS box gene, is required for the 
development of a functional abscission zone in tomato flowers (Mao et al., 2000). 
PkMADSI from the woody species, Paulownia kawakamii, is involved in controlling 
vegetative organ formation. Suppression of PkMADSI in antisense transgenic 
plants disrupted the interaction between leaf primordia and the SAM, resulting in 
additional leaf formation with altered phyllotaxy at the expense of meristem 
maintenance (Prakash and Kumar, 2002). Transcripts of the potato MADS box 
genes, STMADS11 and STMADS16, are present in all vegetative tissues of the 
potato including roots and new tubers, but are not detected in floral organs 
(Carmona et al., 1998; Garcia-Maroto et al., 2000). Overexpression of STMADS16 
in tobacco altered the architecture of the inflorescence, resulting in increased 
branching and intemode length. Whereas flowers exhibited leaf characteristics, the 
morphology of vegetative organs was not affected, indicating that STMADS16 
promotes vegetative development (Garcia-Maroto et al., 2000). 
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Members of the SQUAMOSA (SQUA)-like family of MADS box genes 
appear to have diverse roles in both vegetative and floral development including 
control of floral meristem and perianth organ identity (AP1: Mandel et al., 1992; 
CAL: Kempin et al., 1995), fruit morphogenesis (AGL8/FUL: Gu et al., 1998), and 
inflorescence identity (PFG: Immink et al., 1999). Loss-of-function mutants of squa 
are characterized by the formation of shoots instead of flowers in the axils of bracts 
indicating that SQUA is involved in the transition to reproductive development, thus 
controlling floral meristem identity in Antirrhinum (Huijser et al., 1992). 
Cosuppression of PETUNIA FLOWERING GENE (PFG), a SQUA-Wke MADS box 
gene, leads to a nonflowering phenotype in which the vegetative phase is 
maintained. PFG acts earlier than SQUA, as pfg mutants are blocked in the 
vegetative to inflorescence transition indicating that PFG is essential for 
inflorescence identity (Immink et al., 1999). 
POTM1 (potato MADS box) from Solanum tuberosum L. was isolated from 
an early tuber cDNA library and belongs to the SQUA-like family of MADS box 
genes (Kang and Hannapel, 1995). POTM1 has the highest sequence match to 
SCM1 from Solanum commersonii (a wild potato) and PFG from petunia with 97 
and 91 % similarity over the entire protein length, respectively (Hart and Hannapel, 
2002). Having a widespread expression pattern, POTM1 mRNA was detected in 
actively growing tissues like meristems, roots, new leaves, and new tubers (Kang 
and Hannapel, 1995). Like PFG, POTM1 transcripts are localized in tunica and 
corpus cells of vegetative and inflorescence meristems, leaf primordia, and the 
procambium (Hart and Hannapel, 2002; Immink et al., 1999). Despite the high 
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sequence match and similarities in expression patterns, the role of POTM1 in 
development appears to be different than the role of PFG and other SQUA-like 
family members. Using a transgenic antisense approach, our results indicate that 
POTM1 regulates the balance of growth between axillary and apical vegetative 
meristems. 
Results 
Suppression of POTM1 in Antisense Plants 
POTM1 (Potato MADS box) was isolated from an early-stage tuber cDNA 
library (Kang and Hannapel, 1995) that was constructed from four-day axillary buds 
induced to form tubers. At this stage, tuberization is initiated and cells are 
undergoing rapid division and enlargement. Forty clones forming two groups were 
isolated from the library by using a probe containing only the conserved MADS box 
sequence. Further study indicated that the two groups most likely represent 
different alleles of POTM1, as they were 99% identical at the nucleotide level and 
100% identical at the deduced amino acid level (Kang and Hannapel, 1995). 
Southern analysis indicated that POTM1 belongs to a small gene family and is 
present in a low copy number (Kang and Hannapel, 1996). Probes with and 
without the conserved MADS box sequence recognized only select genomic bands 
representative of a small gene family. Based on the results from the library screen 
and the Southern data, it is highly probable that our transgenic antisense strategy 
is suppressing only the accumulation of RNA from members of the POTM1 family of 
MADS box genes. 
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To elucidate the function of this regulatory protein, transgenic plants with 
suppressed levels of POTM1 mRNA expression were generated. The POTM1 
cDNA sequence in the antisense orientation was placed under the control of the 
CaMV 35S promoter to drive antisense transgene expression in all organs of the 
potato. The potato cultivar, Solanum tuberosum cv. FL-1607, was transformed by 
the Agrobacterium tumefaciens (strain GV2260) mediated leaf-disk transformation 
method (Liu et al., 1995). Transgenic plants were screened by PGR for the 
presence of the transgene by using primers specific for the kanamycin-marker 
gene (nptll). A total of thirty-four independent transgenic lines that were nptll-
positive were assayed for antisense POTM1 transcript accumulation. Accumulation 
of the POTM1 antisense mRNA was not detected in two of the thirty-four nptll-
positive transgenic lines. Of the thirty-two lines exhibiting POTM1 antisense 
expression, four independent transgenic lines with the greatest levels of antisense 
transcript accumulation were chosen for further analysis. Tissue culture plants that 
were transformed with the nptll gene alone were used as wildtype controls (WT). 
Sense 32P-labeled RNA probes were used to examine expression levels of the 
POTM1 antisense transgene in shoot tips of WT and independent suppression 
lines 2,10, 15, and 23 (Figure 1A). Whereas independent transgenic lines 
exhibited high levels of antisense transcript accumulation, as expected, expression 
of the transgene was not detected in RNA from WT plants. Accumulation of 
endogenous levels of POTM1 mRNA were examined with antisense 32P-labeled 
RNA probes. Accumulation of POTM1 mRNA in all four suppression lines was 
reduced substantially compared to WT levels (Figure 1B). Suppression line 23 
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exhibited the greatest reduction in native POTM1 mRNA. Visualization of ethidium 
bromide-stained ribosomal RNA was used to ascertain loading and transfer (Figure 
1C). 
Phenotype of POTM1 Suppression Lines 
Suppression of POTM1 resulted in plants with a disrupted pattern of growth 
in organs both above and below ground. Transgenic lines with suppressed levels 
of endogenous POTM1 mRNA exhibited a reduction in plant height and leaf size 
(Figures 2A-C). Whereas, overall leaf size was reduced, leaf morphology appeared 
unaltered (Figure 2A). Suppression lines exhibited a two- to threefold reduction in 
the petiole length compared to WT (Figure 2B). While the length of the intemodes 
in the apical and middle regions of the plant was reduced, the greatest reduction in 
intemode length was observed in more basal intemodes. Suppression line 23 
exhibited a 2.6X reduction in intemode length compared to WT (data not shown). 
This reduction in intemode length and a concomitant loss in apical dominance 
resulted in plants that were dwarf and compact (Figure 2C). Suppression lines 
exhibited shoot clusters growing from the axillary buds of stems (Figure 2D). 
Growth of these axillary buds was prolific, but limited, forming a dense cluster of 
truncated shoots and stolons as well as small tubers. Growth from axillary buds 
occurred in an acropetal fashion, with the oldest axillary buds at the base of the 
plant exhibiting increased growth first (data not shown). Both initiation and growth 
of roots was inhibited in suppression lines (Figure 2E). Whereas 100% of the 
cuttings from WT plants had initiated roots after 17 days, initiation of roots was 
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inhibited in suppression lines, with 88, 63,11, and 0 % of the cuttings forming roots 
for suppression lines 2,10,15, and 23, respectively. Of the roots that did develop in 
suppression lines, there was an 18 to 98 % reduction in the total number of roots 
formed and a 57 to 100 % reduction in the percent that formed lateral roots 
compared to roots from WT cuttings (data not shown). 
A model petiole-leaf cutting system was used to examine the tuberization 
potential of suppression lines. This system is advantageous because it provides a 
synchronous and uniform model for tuber development. In WT plants, axillary buds 
of petiole cuttings from short-day induced and long-day noninduced plants will 
grow out as tubers and shoots, respectively (Figure 3A; Hannapel, 1991). POTM1 
mRNA accumulates in total RNA from axillary buds of this system (Kang and 
Hannapel, 1996). To determine the specific location of POTM1 mRNA 
accumulation, in situ hybridization in four-day tuberizing axillary buds was 
performed. Accumulation of POTM1 mRNA is visualized as an orange stain under 
dark field microscopy. There was no staining observed in negative control sections 
probed with POTM1 sense riboprobe (Figure 3B). POTM1 transcripts were 
localized to both corpus and tunica cells of the shoot apical (AP) and axillary 
meristems (AX). In the AP, POTM1 mRNA was detected primarily in the central and 
peripheral zones. In the AX, but not the AP, POTM1 transcripts were also present in 
the rib zone of the meristem. Accumulation of POTM1 mRNA was also abundant in 
the procambium (P) of young leaves and the developing stem, and the adaxial 
cells O of young leaves (Figure 3C). 
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In the present study, cuttings were taken from plants grown under short days 
for at least two weeks, inductive conditions for tuber formation. As expected, axillary 
buds from WT plants developed into tubers (Figure 3D, left). In suppression lines, 
however, there was a proliferation of nonelongating shoots (Figure 3D, right and E, 
Table I). Whereas only one cutting out of a total of 70 produced a tuber in the four 
suppression lines, all eleven of the WT axillary buds examined produced tubers 
after 10 days (Table I). Under greenhouse conditions, WT plants produced an 
average tuber yield of 266 g/ plant, whereas yields from suppression lines 
exhibited a reduction ranging from 79 to 97 % (Table I). The tuber yield of 
suppression line 15 was reduced by over thirtyfold. 
To examine the morphology of the increased growth observed in axillary 
buds of the petiole cuttings, light microscopy was performed. Longitudinal sections 
from suppression line 15 and WT were stained with toludine blue to examine the 
histology of five-day axillary buds. At this stage of development, WT axillary buds 
are just initiating radial growth associated with tuber formation (Vreugdenhil et al., 
1999). In line 15, the cells of the meristem (Figure 4A) are more condensed 
compared to WT (Figure 4B), particularly in the rib zone (arrow) of the meristem 
and in young leaves. Enlargements of the meristems are shown in Figures 4C-D. 
Compared to WT, active cell division (arrows) is observed in line 15. Amyloplasts 
(arrows) are present in the cells of both line 15 (Figure 4E) and WT (Figure 4F), 
however, there is an increased number of amyloplasts present in line 15. Based on 
this observation, the Periodic Acid-Schiff's reaction (PAS) was performed on serial 
sections to specifically stain for nonsoiuble polysaccharides, including starch and 
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cellulose (Figure 4G-H). A higher magnification of the boxed areas in G-H is shown 
in Figures 41-J. There is an increase in the number of starch grains present in 
suppression line 15 (Figure 41, arrow), particularly in the cells of the leaf. In contrast 
to the elongated cells present on the abaxial side of the WT leaf (Figure 4J, 
arrowhead), the abaxial leaf cells of line 15 are more irregularly shaped and less 
elongated (Figure 41, arrowheads). This decrease in cell elongation in newly 
formed leaves may explain the reduction in leaf size characteristic of the 
suppression lines. Plates in Figure 4 are representative micrographs of numerous 
sections that were examined. 
An increase in the number of starch grains was observed in light microscopy 
sections of suppression line 15. To further examine starch content, the fourth and 
fifth expanded leaves from whole plants of WT and suppression lines were 
harvested and starch was quantitated. The leaves of POTM1 suppression lines had 
two- to fivefold more starch than leaves of WT plants (Figure 5). Line 15 had the 
greatest increase in starch with 13.1 mg starch / 50 mg dry weight compared to 2.6 
mg starch / 50 mg dry weight for WT leaves. 
Whereas growth was observed in only one meristem in WT axillary buds, in 
the suppression lines, several meristems were activated (Figure 3D-E). To examine 
the number and placement of additional meristems activated in the suppression 
lines, scanning electron microscopy was performed on axillary buds from petiole-
leaf cuttings. In WT potato, one axillary meristem will develop in the junction of the 
stem and the adaxial base of the leaf. Axillary meristems are initiated early in 
development and are derived directly from the SAM. During development in the 
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petiole-leaf cutting system, the primary axillary meristem will develop into a single 
tuber under short days (Figure 3A, Hannapel, 1991). A five-day axillary bud from 
line 15 is shown in Figure 6A. The positions of the incipient leaf (P0) to the oldest 
leaf primordia (P7) are marked. One meristem (black arrow) is visible at the base of 
the adaxial side of the P7 leaf. Additionally, another meristem (white arrow) is just 
emerging at the base of the P6 leaf. In an axillary bud from petiole cuttings of a WT 
plant, no meristems were observed in the base of the P6 or P7 leaf even after 9 days 
of growth (Figure 6B, arrows). Figure 6C is a montage of two micrographs of the 
same magnification showing an eight-day old axillary bud from line 15. A single 
meristem is observed at the bases of the P7 to P10 leaves (arrows). The 
development of the meristem at the base of the P10 leaf is advanced with six leaf 
primordia already present (Figure 6C, right side). Additionally, in the meristem 
subtending the P10 leaf, an axillary meristem is just emerging at the base of the P6 
leaf primordia (arrowhead). Whereas both the placement and number of axillary 
meristems is normal, the timing of development is precocious in the suppression 
line. 
Discussion 
POTM1 Suppression Activates Axillary Meristem Growth 
By using a transgenic approach, we demonstrate that suppression of 
POTM1 mRNA accumulation produces a phenotype exhibiting reduced apical 
dominance, increased lateral growth, induced formation of shoot clusters on the 
stem, increased starch accumulation in new leaves, and a reduction in tuber 
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formation. These changes appear to be mediated by the activation of axillary 
meristem growth. There are two stages of axillary meristem development, the initial 
formation of axillary meristems and the subsequent growth of the meristem 
(Shimizu-Sata and Mori, 2001). Axillary meristem mutants usually affect one or 
both of these stages of development. The origin of axillary meristems differs 
between different plant species. In potato and tomato, axillary meristems are 
derived from meristematic cells that detach from the shoot apical meristem 
(Sussex, 1955), whereas in Arabidopsis, axillary meristems are initiated in leaf 
axils after the transition to reproductive growth from differentiated cells that 
dedifferentiate to form the meristem (Schmitz and Theres, 1999). Growth of axillary 
meristems is usually inhibited by the shoot apical meristem, in a process called 
apical dominance (Shimizu-Sato and Mori, 2001). Auxin restricts, whereas 
cytokinin promotes, the growth of axillary meristems (Shimizu-Sato and Mori, 
2001). 
The most notable phenotype caused by the suppression of POTM1 is the 
increase in axillary meristem growth. This is most apparent in the compact growth 
habit of the plant and in the proliferation of shoot growth on the stems of whole 
plants and from the axillary buds of petiole-cuttings that were induced to form 
tubers. Scanning electron microscopy (Figure 6) indicated that initiation of 
meristem formation does not appear to be affected by suppression of POTM1 as 
both the number and placement of axillary meristems is normal. In POTM1 
suppression lines, one axillary meristem will develop in the junction of the stem 
and the adaxial base of the leaf. This is in contrast to the Arabidopsis mutants, 
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phabulosa and supershoot. Dominant mutants of phabulosa are characterized by a 
loss of abaxial characteristics, resulting in the improper placement of axillary 
meristems on the undersides of leaves (McConnell and Barton, 1998). The 
Arabidopsis SUPERSHOOT gene encodes a cytochrome P450 and is postulated 
to be a negative regulator of axillary meristem development (Tantikanjana et al., 
2001). Multiple axillary meristems are initiated in a single axil of rosette and cauline 
leaves in loss-of-function mutants, and these meristems are released from 
dormancy (most likely due to increased levels of both active and conjugated 
cytokinins). Rather than affect axillary meristem formation, POTM1 suppression 
releases the axillary buds from dormancy. The identity of the developing meristems 
is plastic as shoots, stolons, and tubers are capable of developing from the same 
location in the leaf axil of POTM1 suppression lines (Figures 2 and 3). In potato, all 
three of these organs can develop from an axillary vegetative meristem (Wheeler et 
al., 1988). 
POTM1 Suppression lines are Similar to Mutants that Overproduce 
Cytokinins 
The POTM1 suppression phenotype has many similarities to mutants in 
Arabidopsis (van der Graaff et al., 2001), tobacco (Li et al., 1992; Hewelt et al., 
1994), tomato, (Groot et al., 1995), and potato (Gâlis et al., 1995; Machâckovâ et 
al., 1997) in which the Agrobacterium ipt gene was introduced to overproduce 
cytokinin. These cytokinin overproduction phenotypes include loss of apical 
dominance, decreased leaf size and intemode length, and poor root growth. In 
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potato, tuberization is also affected by expression of the Agrobacterium ipt gene, 
with high levels of cytokinins inhibiting and moderate levels promoting tuber 
formation (Gâlis et al., 1995; Romanov et al. 2000). As illustrated by Sergeeva et al. 
(2000), the ratio of cytokinin to auxin is important for tuberization. A slight increase 
in the cytokinin to auxin ratio promotes tuberization. A large change in the ratio, 
however, inhibits tuberization, in favor of the formation of short stems instead. 
Cytokinins contribute to axillary meristem development, particularly in the 
release from dormancy and subsequent growth. Both exogenous application and 
the overproduction of cytokinins in transgenic plants have been shown to release 
axillary meristems from dormancy (reviewed in Cline, 1991; van der Graaff et al., 
2001, McKenzie et al., 1998). Chatfield et al. (2000) demonstrated that basipetal 
auxin transport was a potent inhibitor of axillary meristem growth. Basal application 
of cytokinins, however, was able to overcome the effect of apically applied auxins, 
thereby promoting the growth of axillary meristems. The lateral suppressor (Is) 
mutant from tomato prevents the initiation of axillary meristem formation resulting in 
empty leaf axils (Schumacher et al., 1999). Expressing the Agrobacterium ipt gene 
in lateral suppressor mutants increased cytokinin levels and produced typical 
cytokinin overproduction phenotypes, but did not rescue the empty leaf axil 
phenotype (Groot et al., 1995). In tomato, at least, cytokinin levels affect the growth 
of axillary meristems, but not their initiation. In a similar fashion, the suppression of 
POTM1 mRNA accumulation in potato affects the growth of axillary meristems, but 
not their initiation or location. 
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Creation off multiple sinks in POTM1 Suppression Lines 
In addition to releasing axillary meristems from dormancy, cytokinins have a 
profound effect on the mobilization of nutrients. Li et al. (1992) showed that 
cytokinin activity can create a nutrient sink and that both 14C-labeled sucrose and 
amino acids are mobilized to localized sites of high cytokinin accumulation. 
Amyloplast development and the increased transcription of starch biosynthesis 
enzymes are specifically induced by cytokinins in cultured tobacco cells (Miyazawa 
et al., 1999). POTM1 suppression resulted in an increase in starch accumulation 
and active cell division in specific cells of meristems and leaves (Figures 4 and 5). 
These events may be controlled by the localized activity of POTM1 to limit cytokinin 
accumulation to specific regions of the meristem. In both the vegetative shoot 
apical meristem (Hart and Hannapel, 2002) and the tuberizing axillary bud (Figure 
3C), POTM1 transcripts are localized in both tunica and corpus cells of the 
meristem, the procambium, and adaxial cells of young leaves. Interestingly, the 
localization of the cytokinins, zeatin, dihydrozeatin, and isopentenyladenine, in 
vegetative meristems of tobacco (Dewitte et al., 1999) is negatively correlated to 
the localization of POTM1 mRNA in potato meristems. The accumulation of the 
cytokinins was limited to the peripheral zone of the SAM, particularly to cells in 
which the leaf primordia will initiate, and to cells of the leaf primordia, both regions 
with less abundant POTM1 mRNA accumulation. In select vegetative meristems, no 
cytokinins are detected in the tunica/corpus, a site of abundant POTM1 mRNA 
accumulation. 
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In suppression lines, development of normally strong vegetative sinks like 
the SAM and underground tubers are superceded by the induced secondary 
growth of axillary meristems. Whereas the axillary bud from WT cuttings of a model 
tuber system produces a single tuber, axillary buds from POTM1 suppression lines 
produce a proliferation of shoots. These results support the premise that the 
relationship between the growth of lateral organs and the apical meristem are 
antagonistic. In Arabidopsis, recessive mutants of the revoluta gene (Talbert et al., 
1995) are characterized by longer, thicker leaves and decreased meristem 
formation. Growth of lateral organs like leaves is favored over growth of meristems, 
often leading to an arrest in apical meristem development. It is postulated that the 
function of REVOLUTA is to promote apical meristem growth and limit cell division 
and elongation in leaves and stems (Talbert et al., 1995). In contrast, POTM1 
suppression lines exhibited smaller leaves and more active lateral meristem 
growth. POTM1 suppression produced an increase in cell division in meristems 
and created multiple new sinks, at the expense of leaf expansion and tuber 
formation. 
The phenotypes of the suppression lines, particularly activated axillary 
meristem growth, increased cell division, decreased tuber yields, and starch 
accumulation, suggest that POTM1 may be involved in regulating the balance of 
growth in vegetative meristems, favoring the development of a dominant sink 
organ. For the above ground portion of the plant, this sink organ is the SAM. In 
stolon/tuber development, the sinks are a few enlarging tubers that form 
underground. In the model petiole-leaf cutting tuberization system, the single tuber 
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produced is a very strong sink. Suppression of POTM1 may alter the ratio of auxins 
and cytokinins (by increasing the level of cytokinins, for example) to activate growth 
of lateral meristems at the expense of the apical or dominant shoot organ (SAM or 
tuber). It is conceivable that reduction in POTM1 mRNA expression enhances 
cytokinin activity in specific cells of the vegetative meristem leading to increased 
cell division in meristems and a disruption in WT source/sink interactions. 
Materials and Methods 
Transformation of POTM1 Antisense Plants 
The full-length POTM1 cDNA (Kang and Hannapel, 1995) in the antisense 
orientation was cloned into the binary vector, pCB201, (Xiang et al., 1999) under 
the control of the CaMV 35S promoter. This plasmid was transformed into 
Agrobacterium tumefaciens strain GV2260. The leaf-disk transformation method 
(Liu et al., 1995) was used to transform the construct into Solanum tuberosum cv. 
FL-1607. The presence of the transgene was confirmed by PGR primers specific for 
the kanamycin-marker gene (nptll) (data not shown). A total of thirty-four 
independent transgenic lines that were nptll positive were screened for the 
accumulation of POTM1 antisense mRNA. Four independent transgenic lines that 
exhibited high levels of POTM1 antisense mRNA accumulation were selected for 
further analysis. Tissue culture plants transformed with the nptll marker gene alone 
were used as controls (WT). 
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RNA Blot Hybridization 
Total RNA was extracted from shoot tips of independent transgenic lines and 
controls with TriPure Isolation Reagent (Roche Biochemical. Indianapolis, IN). 
Using 10 mM methyl mercury (II) hydroxide as a dénaturant, twenty-five gg total 
RNA was subjected to gel electrophoresis and blot transfer. POTM1 with the 
conserved MADS box deleted was cloned into the pCRII vector (Invitrogen, 
Carlsbad, CA) flanked by the SP6 and T7 promoters. The vector was linearized 
with Xho I or BamH I and transcribed with the SP6 or T7 RNA polymerase for sense 
and antisense probes, respectively. [oc-32P]CTP was incorporated into RNA probes 
according to the manufacture's instructions (Promega, Madison, Wl). The 
membrane was hybridized in ULTRAhyb hybridization buffer (Ambion, Austin, TX) 
at 68°C for 16 hours. Washing was as follows: 2x SSC, 0.1% SDS, at room 
temperature, 5 min; 1x SSC, 0.1% SDS, 68°C, 20 min; 0.1x SSC, 0.1% SDS, 
68°C, 20 min. The film was exposed for four days at -80°C. 
Tuber Yields From Petiole-Leaf Cuttings and Whole Plants 
For petiole-leaf cuttings, whole plants were induced under a short-day 
photoperiod (8 h light /16 h dark) for at least two weeks. Cuttings were cultured in a 
perlite/ vermiculite mix with the axillary bud placed below the surface under a short-
day photoperiod in a growth chamber (Hannapel, 1991). After 10 days, the axillary 
buds were examined for morphology, growth, and tuber formation. Growth was 
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allowed to continue for at least 19 days before photographs in Figure 3 were taken 
on a SZH10 Research Stereo Microscope (Olympus, Melville, NY). For whole 
plants, tuber yields were measured from 100-day old plants that were grown in the 
greenhouse under a long-day photoperiod (16 h light / 8h dark). 
In Situ Hybridization 
WT plants were grown under short-day conditions (8h light / 16h dark) for at 
least two weeks. In situ hybridizations were performed on four-day axillary buds 
from petiole-leaf cuttings cultured as described above. In situ hybridizations were 
described previously (Hart and Hannapel, 2002). 
Light and Scanning Electron Microscopy 
WT and independent suppression line 15 plants were grown under short-
day conditions (8h light / 16h dark) for at least two weeks. Petiole-leaf cuttings were 
cultured as described above and meristems were harvested daily and fixed in 2% 
paraformaldehyde, 2% glutaraldehyde in either 0.1 M cocadylate buffer, pH 7.2 or 
0.1 M sodium phosphate buffer, pH 7.0 at 4°C for 2 to 11 days. After fixation, the 
tissue was dehydrated in a graded ethanol series. Tissue for light microscopy was 
embedded in LR White (Electron Microscopy Sciences, Ft. Washington, PA) and 
1.4 iim sections were cut on an ultramicrotome (Reichert/ Leica, Deerfield, IL). For 
general morphology, sections were stained with 1% toludine blue. The Periodic 
Acid Schiff's reaction (PAS) was performed on serial sections to stain for non-water 
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soluble polysaccharides. Negative controls for the PAS reaction, in which one 
reagent was missing (periodic acid), did not show any staining (data not shown). 
Bright-field microscopy was used to photodocument sections. Tissue for scanning 
electron microscopy was critical point dried with six flushes of C02, mounted on 
aluminum stubs with silver paint, and coated with gold/ palladium. Specimens were 
examined on a JOEL JSM-5800LV SEM at the Bessey Microscopy Facility, ISU. 
Starch Assay 
The fourth and fifth expanded leaves from whole plants of WT and 
independent suppression lines were harvested in liquid N2 and lyophilized. Four 
replicates of 50 mg each were assayed and standard error of the mean was 
calculated. Starch content was measured according to the manufacture's 
instructions (STA-20, Sigma-Aldrich, St. Louis, MO). 
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Table I: Rate of tuberization in axillary buds from cuttings of POTM1 suppression 
mutants grown under a short-day photoperiod and from whole plants under a long-
day photoperiod. Whole plants were induced under a short-day photoperiod for at 
least two weeks, after which axillary bud cuttings were placed in a perlite/ 
vermiculite mixture for 10 days. The axillary bud is placed below the surface of the 
perlite/ vermiculite mixture while the leaf remains above the surface. After 10 days 
the axillary buds were examined for growth and tuber formation. For several 100-
day old soil-grown plants grown under a long-day photoperiod in the greenhouse, 
tubers were harvested and yield per plant with standard error of the mean was 
calculated. 
Plant type Number 
of cuttings 
Number 
tuberized 
after 10d 
Phenotype of 
axillary buds 
Tuber yield plant"1 
at 100 days 
Wildtype 11 11 mini-tuber formation 
No shoot growth 
266 ± 17 
Line 2 12 0 multiple shoots 
thickened stems 
57 ±76 
Line 10 16 1 excessive shoot 
and stolon growth 
43 ±31 
Line 15 10 0 multiple shoots 
purple pigment 
8.4 ± 3.4 
Line 23 32 0 multiple shoots 44 ±7.8 
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Figure Legends 
Figure 1. Accumulation of POTM1 antisense and endogenous transcripts in 
suppression lines of POTM1. Twenty-five micrograms of total RNA from shoot tips of 
WT and independent transgenic lines 2, 10,15, and 23 were loaded per lane. 32P-
labeled RNA probes with the MADS box deleted were used in the hybridizations. 
A, POTM1 sense RNA probes were used to examine the accumulation of antisense 
POTM1. B, POTM1 antisense RNA probes were used to detect endogenous 
POTM1 mRNA. C, Ethidium bromide-stained rRNA bands were used to ascertain 
loading of lanes. 
Figure 2. Suppression of POTM1 RNA accumulation alters leaf and shoot 
morphology. A, The fourth true leaf of WT and suppression lines 2, 10, 15, and 23 
are shown. While the morphology appeared unaltered, leaf size has been reduced. 
B, The length of the petiole of the fourth leaf from the apex was measured from 
three plants each of WT and POTM1 suppression lines. Standard error is indicated 
for each mean. C, Seventy-five day-old WT (right) and suppression line 15 (right) 
are compared; Note that line 15 is dwarf and compact. D, There is a proliferation of 
meristem growth in axillary buds along stems of line 23. E, Leaf cuttings were 
placed in perlite under mist for 17 days. Root initiation and growth were inhibited in 
suppression lines. 
Figure 3. The effect of POTM1 suppression on axillary bud development. A, 
Growth of axillary buds from WT plants in a model petiole-leaf cutting system. At 
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day 0, axillary meristems are dormant (Od). After culturing cuttings in perlite for 8 
days, tubers and shoots, respectively, are produced from axillary buds of cuttings 
from short-day induced (SD) and long-day noninduced (LD) plants. B-C, in situ 
hybridization of POTM1 mRNA using four-day axillary buds from petiole-leaf 
cuttings that were induced to tuberize. Presence of POTM1 mRNA is indicated by 
an orange stain under dark-field microscopy. Size bar =100 |im. B, Control section 
using POTM1 sense riboprobe. C, Localization of POTM1 mRNA in four-day 
axillary buds. AP, primary apical meristem; AX, axillary meristem; P, procambium; *, 
adaxial side of young leaf. D-E, Axillary buds of petiole-leaf cuttings were grown 
under short days for at least 19 days. Size bar = 1 mm. Cuttings from WT plants 
produced tubers from the axillary bud (D, left), whereas suppression lines exhibit 
increased meristem activity (D, right and E). Suppression line 15 is shown in D and 
E. Similar results were also observed in lines 2,10 and 23 (Table I). 
Figure 4. Histology of axillary bud meristems in POTM1 suppression lines. 
Axillary buds from suppression line 15 and WT controls were harvested daily from 
short-day induced petiole-leaf cuttings. Sections from axillary buds were stained 
with 1% toludine blue (A-F) to show general morphology or with the PAS reaction 
(G-J) to specifically stain nonsoluble polysaccharides. Negative controls for the 
PAS reaction in which one reagent was missing (periodic acid) showed no staining 
(data not shown). Meristem sections of suppression line 15 are shown in panels A, 
C, E, G, and I, whereas sections from WT plants are shown in panels B, D, F, H, and 
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J. Size bar = 100 pm in all panels. A, One of several meristems that were present in 
a five-day axillary bud from line 15. Arrow indicates rib zone. Note that the cells are 
less vacuolated and more condensed. B, The only meristem present in a five-day 
axillary bud from a WT plant. Arrow indicates rib zone. C, Enlargement of the line 
15 apex. Arrows indicate cells that are undergoing active cell division. D, 
Enlargement of WT apex. E, A higher magnification of the line 15 cells in the boxed 
area of panel A. Note the increased numbers of amyloplasts present in the cells of 
line 15 compared to WT (arrows). F, A higher magnification of the WT cells in the 
boxed area of panel B. Arrow indicates amyloplasts. G, PAS staining of one of the 
axillary meristems from the axillary bud cutting of suppression line 15. H, PAS 
staining of the primary and only meristem from an axillary bud cutting from WT. I, A 
higher magnification of line 15 leaf cells in the boxed area of panel G. Arrow, 
examples of starch grains; arrowhead, irregular shaped cells on abaxial side. J, A 
higher magnification of WT cells in the boxed area of H. Arrow, starch grains; 
arrowhead, elongated cells on abaxial side. Note the difference in cell shape 
(arrowheads) between the WT (J) and line 15 (I). 
Figure 5. Starch accumulation in leaves of POTM1 suppression lines. Starch 
content was assayed in the fourth and fifth expanded leaves from whole plants of 
WT and independent suppression lines 2, 10, 15, and 23. Four replicates of 50 mg 
each of lyophilized leaf tissue were assayed and standard error of the mean was 
calculated. 
82 
Figure 6. P0TM1 suppression induces activation of axillary meristem growth. 
Axillary buds from suppression line 15 and WT plants were harvested daily from 
short-day induced petiole-leaf cuttings. A, A five-day axillary bud from line 15. The 
positions of the incipient leaf (P0) to the oldest leaf primordia (P7) are marked. 
Arrows indicate developing axillary meristems at the bases of leaf primordia. B, A 
nine-day axillary bud from the WT plant. Arrows indicate the bases of P6 and P7 leaf 
primordia. Note that no axillary meristems are observed. C, An eight-day axillary 
bud from line 15. Arrows indicate developing axillary meristems. Note the 
advanced development of the meristem at the base of the P10 leaf (right side) with 
six leaf primordia and an emerging axillary meristem (arrowhead) at the base of the 
P6 leaf primordia subtending the P10 meristem. 
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CHAPTER 4. GENERAL CONCLUSION 
While much is known about how meristems respond to internal and external 
cues to control development, there are still many questions unanswered. The 
objective of this study was to gain insight into how two classes of transcription 
factors affect the growth and development of potato and the molecular processes of 
tuberization. This was accomplished by generating transgenic potato plants that 
overexpress the homeobox gene, POTH1, and by using an antisense approach to 
suppress levels of the MADS box gene, POTM1. 
POTH1 was shown to be involved in vegetative pattern formation via 
mediation of hormone levels. Overexpression of POTH1 resulted in dwarf plants 
with decreased levels of the hormone gibberellin (GA) and enhanced tuber 
formation in vitro. POTH1 overexpression lines were characterized by a 'mouse-
ear* leaf phenotype; leaves were heart-shaped with a decreased midvein and 
palmate venation. POTH1 overexpression lines exhibited an increase in both the 
rate of tuberization and the total number of tubers formed under both short- and 
long-day photoperiods in vitro. These sense lines appear to have the capacity to 
overcome the negative effects of a long-day photoperiod on tuberization. 
Enhanced tuberization can be partially attributed to the decrease in GA, levels 
caused by POTH1 suppression of GA 20-oxidase1. Similar to the knox genes, 
NTH15 of tobacco and OSH1 of rice (Sakamoto et al., 2001; Tanaka-Ueguchi et al., 
1998; Kusaba et al., 1998), our results indicate that POTH1 is a negative regulator 
of GA biosynthesis. 
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Suppression of the MADS box gene POTM1 in potato activated axillary 
meristem growth and development. The phenotype of POTM1 suppression lines 
was characterized by reduced apical dominance, increased lateral growth, and the 
formation of shoot clusters on the stem. There was also an increase in starch 
accumulation and cell division in specific cells of meristems and leaves and a 
reduction in tuber formation. Initiation of axillary meristem formation was not 
altered, as both the location and number of axillary meristems was normal. Rather, 
phenotypic alterations were mediated by the activation of axillary meristem growth. 
The POTM1 suppression phenotype has many similarities to mutants in which the 
Agrobacterium ipt gene was introduced to overproduce cytokinin. These cytokinin 
overproduction phenotypes include loss of apical dominance, decreased leaf size 
and intemode length, and poor root growth (van der Graaff et al., 2001; Li et al., 
1992; Groot et al., 1995; Machâckovâ et al., 1997). It is possible that the role of 
POTM1 is to limit cytokinin accumulation to specific regions of the meristem and 
maintain the balance of growth between apical meristems and lateral organs. 
Continuing work on these regulatory genes should include a comprehensive 
analysis of hormone levels in the transgenic plants, particularly cytokinin levels. 
Transgenic potato plants should be generated in which levels of POTH1 or POTM1 
are altered in tissues specific to tuberization. This would allow a separation of the 
role that these genes play in the development of the whole plant vs. the role played 
in tuberization. Whereas in vitro tuberization was enhanced in POTH1 
overexpression lines, tuberization was inhibited in soil-grown plants, most likely 
due to the small leaf size. It will be interesting to ascertain the effect of POTH1 
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overexpression on tuberization in soil-grown plants using a tuber-specific 
promoter. 
Both POTH1 and POTM1 are putative transcription factors that, while 
involved in specific developmental processes, have a widespread mRNA 
expression pattern. It seems unlikely that these proteins work alone to regulate 
development. Several regulatory proteins that interact with POTH1 were isolated 
by David Hannapel using a yeast two-hybrid screen. The protein-binding domain of 
POTH1 was examined by deletion mutation analysis by the author (Appendix B; 
Chen et al., 2002); however, it still remains to be determined what the specific role 
of the interaction of POTH1 with different partners is in the development of potato. It 
is possible that the proteins interact to control subcellular localization or to specify 
and control transcription of different sets of target genes. Finding the target genes 
of POTH1 and POTM1 is imperative to ascertain the direct function of these 
regulatory proteins in development and to begin to understand the corresponding 
signal transduction pathway. 
In conclusion, the objectives of this study, to examine the role of the 
regulatory genes, POTH1 and POTM1, in plant development and on the process of 
tuberization, were met by examining transgenic potato plants with altered patterns 
of POTH1 or POTM1 expression. 
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Abstract 
MADS box genes function to regulate vegetative, floral, and fruit 
development in plants. Here we report the characterization of a MADS box gene 
from strawberry (Fragaria x ananassa ) designated STAG1. Sequence analysis 
revealed that STAG1 shared 70-72% amino acid identity to AGAMOUS homologs 
from a variety of plant species. Southern analysis indicated that STAG1 is not a 
member of a multigene family. STAG1 transcripts were detected in stamens, 
carpels, and developing fruit. In situ hybridization revealed that STAG1 mRNA 
expression was restricted to the endothelium and the vascular bundles connecting 
the achenes to the inner part of the receptacle and was not evident in the 
receptacle of the fruit. Sequence analysis and RNA localization indicate that 
STAG1 is an AGAMOUS homolog of strawberry. 
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1. Introduction 
MADS box genes are a family of putative transcription factors that are highly 
conserved in plants, animals and yeast [1]. Their role in floral organ development 
has been studied extensively in plant model systems such as Arabidopsis [2,3], 
Antirrhinum [1], and petunia [4]. This has led to the formation of the ABC model of 
floral development [5]. Three different classes of MADS box genes, A, B, and C, 
control the identity of the floral organs; sepals, petals, stamens, and carpels, by 
working either in combination or alone [6,7]. Class A genes control sepal 
development while the activity of both A and B is required for the formation of 
petals. B and C expression control stamen identity, and C acts alone to form the 
carpels [5]. In petunia, an additional class of genes, D, is required for ovule 
formation [8]. AGAMOUS (AG), a C-class MADS box gene from Arabidopsis, 
controls reproductive organ identity and maintains floral meristem determinacy [2]. 
In ag mutants the floral organ whorls are converted into a repeating pattern of 
(sepals, petals, petals),, [9]. Whereas there has been considerable conservation in 
MADS box sequence, RNA expression, and function between species, variation 
occurs in expression pattern and function of homologous genes [10]. For example, 
there are two maize AG homologs. One confers organ identity while the other 
maintains meristem determinacy [11]. Unlike Arabidopsis and Antirrhinum, the 
petunia B-class gene, GREEN PETAL, controls petal formation, but does not affect 
stamen identity [10]. 
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Recently, we reported a MADS box gene, STAG1 (Strawberry AGAMOUS\. 
isolated from a strawberry fruit cDNA library [12]. STAG1 is the first MADS box 
gene to be isolated from strawberry and has the highest sequence similarity to 
members of the AGAMOUS subfamily. Analysis of STAG1 could lead to important 
discoveries of how floral and fruit development are regulated in strawberry. 
Strawberry is considered a "false fruit" because the receptacle of the flower 
develops into the edible part of the berry. The achenes, the actual fruit, are 
embedded on the surface of the receptacle and contain ovary and seed tissue. 
Each achene is attached to the receptacle by a fibrovascular connection [13]. The 
development of the achene is essential for strawberry fruit development and 
ripening. In classic work by Nitsch [14], the importance of the achenes was 
demonstrated by removing achenes from one side of the fruit, causing the side 
without achenes to remain immature. To the developing strawberry fruit, achenes 
provide the plant growth hormone, auxin, which regulates the expansion and 
ripening of the receptacle. 
Fruits are classified as either climacteric or nonclimacteric. In climacteric 
fruit, respiration rates and ethylene production increase temporarily during fruit 
development with full ripening occurring after the peak of respiration and ethylene. 
On the other hand non-climacteric fruit such as strawberry, citrus and grapes do not 
show the dramatic change in respiration and ethylene production during their 
development [15]. Development and ripening of climacteric fruit, which include 
tomatoes and apples, have been extensively studied at the molecular level. In 
addition, MADS box genes have been isolated and characterized from tomato [16-
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18] and apple [19,20], In recent years, the molecular aspects of strawberry ripening 
have been extensively studied. Manning [21] showed that the mRNA population 
changed dramatically during strawberry fruit ripening. Subsequently, several 
laboratories have isolated ripening-related genes whose mRNA expression pattern 
changes during ripening [22-26]. For example, Manning [24] isolated and 
characterized 26 cDNAs of ripening-related genes using differential screening. 
Several of these genes encode proteins involved in metabolic processes of 
strawberry fruit ripening such as cell wall degradation and sucrose transport. On 
the other hand, little is known about the development of the strawberry fruit at the 
molecular level. Analysis of the MADS box gene, STAG1, can lead to a greater 
understanding of the molecular aspects of strawberry floral and fruit development. 
2. Materials and Methods 
2.1. Plant Material 
Strawberry (Fragaria x ananassa ) cv. Calypso plants were grown under 
standard greenhouse conditions with a 16h photoperiod. Tissue harvested for DNA 
or RNA extractions was immediately frozen in liquid N2 and stored at 
-80°C. For in situ hybridizations, samples were placed in fixative immediately upon 
harvest. 
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2.2. Sequence Analysis 
DNA and putative amino acid sequences were analyzed with FASTA, GAP, 
and PILEUP programs [Genetics Computer Group (GCG), Madison, Wl]. 
2.3. Southern blot analysis 
Genomic DNA was extracted from leaves of Fragaria x ananassa cv. 
Calypso according to the protocol by Porebski et al. [27] with one exception. 
Following the chloroform-octanol extractions, genomic DNA was allowed to 
precipitate at 4°C for 7 d. DNA (10 gg ) was digested with restriction enzymes, 
EcoR I, Sac I, and Sst I (Promega, Madison, Wl), separated by electrophoresis on a 
0.7% agarose gel, and blotted onto a nylon membrane (MSI, Westboro, MA). 
Probes, labeled with [«=-32P]dGTP (RadPrime DNA Labeling System, Gibco BRL, 
Gaithersburg, MD), were generated by using the 565-nt. Pst I-Sac I fragment of 
STAG1 from pBiuescript [12]. To avoid cross-hybridization, this fragment contained 
the less conserved 3' region, but not the MADS box or poly-A tail. After hybridizing 
at 42°C for 72 h at high stringency (50% deionized formamide, 6x SSC, 3.4x 
Denhardt's solution, 25mM sodium phosphate buffer, pH 7.0, 120 jig/ml denatured 
salmon sperm DNA, 0.4% SDS), the membranes were rinsed in room temperature 
2x SSC/ 0.1% SDS. The membranes were then washed in 1x SSC /0.1% SDS for 
35 min at 65°C. 
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2.4. Northern blot analysis 
Total RNA was extracted from leaves, petals, stamens, carpels, green fruit, 
and red fruit of Fragaria x ananassa cv. Calypso [28]. Carpels were not separated 
from receptacles. Fruit is considered achenes attached to receptacles. The same 
3'~STAG1 probe used for the Southern blot was 32P-labeled for the northern 
hybridizations. For Figure 3A, 2 gg of total RNA was separated by electrophoresis 
on a 5 mM methyl mercury hydroxide gel and blotted onto a nylon membrane 
(MSI). The membrane was hybridized at 42°C for 36 h at high stringency. After 
hybridization, the membrane was rinsed in room temperature 2x SSC/ 0.1% SDS, 
followed by 1x SSC /0.1% SDS for 20 min at 65°C. For Figure 3C, 5 gg of total 
RNA was separated by electrophoresis on a 10 mM methyl mercury hydroxide gel 
and blotted onto a nylon membrane (MSI). The membrane was hybridized and 
washed using the same conditions as for the Southern blot. 
2.5. In Situ Hybridization 
Calypso' tissue was fixed in formaldehyde-acetic acid-alcohol for 36 h 
under vacuum and hydrated to water. The tissue was then incubated in 50% 
hydrofluoric acid for 10 to 20 d to remove silica in the trichomes to facilitate 
sectioning of the tissue [29,30]. The tissue was dehydrated in an ethanol/tertiary 
butyl alcohol series and embedded in Paraplast (Oxford Labware, St. Louis, MO) 
according to Sass [31]. Tissue sections, 8 gm thick, were cut on a rotary microtome 
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(Spencer Lens Co., Buffalo, NY) and dried in 1% formalin on vectabond-coated 
slides (Vector Laboratories, Burlingame, CA) at 45°C overnight. In situ 
hybridization was carried out according to Canas et al. [32] with the following 
exceptions: the acetylation step was skipped due to the use of vectabond-coated 
slides, proteinase K (Roche Molecular Biochemical, Indianapolis, IN) was 
increased to a final concentration of 5 gg/ml, 1% polyvinyl alcohol (70 to 100 kD; 
Sigma, St. Louis, MO) [33] was added to the color solution, and Crystal Mount 
(Fischer, Fair Lawn, NJ) was used to mount the slides. Sections were 
photodocumented under bright-field microscopy with an Olympus BX-40 light 
microscope (Leeds Precision Instruments, Inc., Japan). 
2.6. Probe construction for in situ hybridization 
Gene-specific primers (5-GCAGTGTTAGAGAAACGATTGA-3'; 5 -
TATACAAGCAAGAGATCCCATT-3 ) were designed corresponding to nts. 261-282 
and complementary to nts. 988-979 of STAG1 [12] to remove the MADS box and 
poly-A tail. Primers were synthesized and purified by the ISU Sequencing Facility. 
PGR conditions were as follows: 5 min at 94°C, followed by 30 cycles at 94°C, 
53°C, 72°C, 30 sec each, and a final extension of 72°C for 10 min. The product was 
cloned into the pCR2.1 vector (Invitrogen, Carlsbad, CA) in both orientations 
according to instructions provided by the manufacturer. The 718-nt antisense and 
sense digoxygenin-UTP-labeled RNA probes were generated by in vitro 
transcription of linearized plasmids according to the instructions provided by the 
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manufacturer (Roche Molecular Biochemicals). Unincorporated nucleotides were 
removed with a Sephadex G-50 column. The probes were partially hydrolyzed by 
the addition of 20 fil tRNA, 0.2M NaHCCX, and 0.2M Na2C03 at 60°C for 50 min. 
2.7. Image Processing 
Autoradiography films were scanned with an AGFA Arcusll flatbed scanner 
(AGFA, Mortsel, Belgium). Color transparencies were scanned using a Polaroid 
Sprint Scan 35 (Polaroid Corp., Cambridge, MA). Images were processed and 
assembled with Adobe Photoshop 5.5 and Pagemaker 6.5 (Adobe Systems, Inc., 
San Jose, CA). 
3. Results 
3.1. Sequence analysis of STAG1 
The deduced amino acid sequence of STAG1 shows the greatest match to 
members of the AGAMOUS subfamily. It is 249 amino acids in length and contains 
the conserved domains found in MADS box proteins (Figure 1A). STAG1 also 
contains the N-terminal extension common to AG homoiogs (Figure 1A). Within the 
MADS domain, STAG1 is 98% identical to TAG1 [16], pMADS3 [4], NAG1 [34], and 
AG [9], but only 95% identical to AGL1 and AGL5 [35] (Figure 1B). Although AGL1 
and AGL5 are classified as members of the AG subfamily based on sequence 
similarity, they are not considered AG homoiogs due to differences in RNA 
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localization and putative function [10,35], Beginning with the MADS domain, 
STAG1 shares 70 to 72% identity over the remaining protein length with the AG 
homoiogs (top four proteins, Figure 1B). Percent identity drops to 67 and 62 with 
AGL1 and AGL5, respectively (Figure 1B). Conservation of the amino acid 
sequence is lowest with AGL1 and AGL5 within the C-region as well. The 
secondary structure of the K domain resembles the coiled-coil domain of the 
human protein keratin [35]. There are two putative amphipathic a-helices in which 
the a and d positions of the coiled-coil heptapeptide repeat are hydrophobic 
residues (Figure 1A, 2 ) [10,35]. This region plays a role in protein-protein 
interactions and the formation of dimers. There is 59-62% amino acid sequence 
identity within the K-domain. Based on the positions of hydrophobic residues, the 
secondary structure of the K-domain appears to be conserved. 
3.2. Southern hybridization 
Genomic DNA from leaves was digested with restriction enzymes and 
hybridized with the 0.56 kb 3'-fragment of STAG1 under high stringency (Figure 2). 
Eight to ten bands were detected when digested with Ecofl I, Ssf I and Sac I. 
3.3. STAG1 RNA expression pattern 
To characterize STAG1 expression, northern hybridizations were performed. 
Total RNA was extracted from various organs and developmental stages and 
hybridized with the 0.56 kb 3'-STAG1 probe. STAG1 transcripts were detected in 
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RNA from stamens and carpels, but not in roots (data not shown), leaves, or petals 
(Figure 3A). STAG1 transcripts were detected in both immature (green) and mature 
(red) stages of strawberry fruit development. (Figure 3C). 
Since the entire strawberry fruit contains different types of tissues, 
receptacle, achenes, and the vascular system, RNA gel blot analyses was not 
sufficient for high resolution localization of STAG1 mRNA. To determine the precise 
location of STAG1 mRNA in fruit, in situ hybridizations were performed with green 
fruit stage tissue. Green fruit was used for in situ hybridizations because of their 
stability during fixation. Accumulation of transcripts was detected using the 0.7 kb 
digoxygenin-labeled RNA antisense probe. Under bright-field optics, STAG1 
transcripts are visualized as a blue-purple precipitate. In Figures 4A-C, the achene 
has developed to the globular embryo stage. STAG1 mRNA expression is not 
detected in the embryo, but is restricted to the endothelium surrounding the embryo 
sac (Figures 4A and B). Transcripts were not detected in any cells of the receptacle 
(Figure 4D). Figure 4D is representative of the entire receptacle. Figure 4E is a 
non-median longitudinal section of a different achene attached to the same 
receptacle as the achene in Figures 4A-C. STAG1 transcripts were localized in the 
endothelium, but were not detected in the pericarp, endosperm, nucelius, or testa 
(Figure 4E-F). No signal was detected in the sense probe control sections (Figure 
4C and G). Figure 4H is an enlargement of the fibrovascular connection between 
the achene and the receptacle. STAG1 transcripts were detected in the vascular 
strands (Figure 4H, v). 
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4. Discussion 
AG homoiogs from distantly related species such as tomato [16], tobacco 
[34], and Brassica napus [36] share common sequences, RNA expression patterns, 
and functions. Both sequence identity and RNA expression patterns suggest that 
STAG1 is the strawberry AGAMOUS homolog. The amino acid sequence of 
STAG1 contains conserved sequences found within MADS domain proteins. The 
N-terminal extension which is specific to the AG subfamily of MADS domain 
proteins is also present in STAG1. At the amino acid level, STAG1 is 98% identical 
within the MADS domain to AG homoiogs from a variety of plant species. Identity is 
lower with the AG-like genes, AGL1 and AGL5. The K-domain is thought to be 
involved in protein-protein interactions and is structurally similar to the coiled-coil 
domain of the protein keratin [35]. Percent identity within the K-domain is lower 
than within the MADS domain; however, the positions of the hydrophobic residues, 
LIVM, are highly conserved. While the C-region generally shows the most variation 
between species, STAG1 shares 58 to 62% identity with AG homoiogs, but only 50 
and 39% identity with AGL1 and AGL5, respectively. 
Southern analysis revealed several bands (8-10) that hybridized with the 3 -
STAG1 probe under high stringency. Fragaria x ananassa is the result of a 
spontaneous cross between two tetraploids to produce an octaploid species [37]; 
therefore, there are one or two copies of STAG1 in the octaploid genome. 
In Arabidopsis, AG expression pattern is dynamic, changing during different 
stages of development. During the early stages of floral development, AG is widely 
expressed throughout stamen and carpel primordia, but late in development, 
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expression is limited to specific differentiated cell types within stamens and carpels 
[38]. In the fully differentiated ovule, AG RNA expression was detected in the 
endothelium, but not in the embryo sac, integuments, or other tissues [38]. TAG1, 
the tomato AG gene, is also expressed in the reproductive organs. Within the fully 
developed carpel, TAG1 RNA accumulation was greatest in the ovules and in the 
vascular strands [16]. This pattern of expression is identical to that of STAG1. 
AG specifies stamen and carpel identity and maintains floral meristem 
determinacy in Arabidopsis [2,9]. In ag mutants the floral organ whorls are 
converted into a repeating pattern of (sepals, petals, petals)n [9]. In Arabidopsis 
plants overexpressing AG, the first two whorls of flowers were transformed into 
carpelloid and stamenoid organs [2]. In addition, it is believed that restricting AG 
expression to specific cells during later stages of development is important for the 
proper development of the gametophytes [2,36]. In tomato, ectopic expression of 
TAG1 resulted in the formation of pericarpic leaves in whorl one and stamens in 
whorl two. The identity of whorls three and four where unchanged; however, ovule 
and stigmatic tissue did not form. Interestingly, the pericarpic leaves had activity, 
such as degradation of chlorophyll, which is common to fruit maturation [16]. 
It is interesting that the AG homoiogs, STAG1 and TAG1, which represent 
two different classes of fruit have high sequence identity and the same RNA 
expression patterns. Because localization of RNA expression corresponds to 
regions of gene activity, expression pattern may be used to predict function [10]. 
Further supporting this correlation (expression to function) is that altering the RNA 
expression pattern of a MADS box gene can lead to drastic changes in morphology 
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and development [2]. The location of STAG1 transcripts indicates that, like AG in 
Arabidopsis and TAG1 in tomato, STAG1 plays a role in stamen, carpel, and fruit 
development in strawberry. 
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Figure Legends 
Fig. 1. Amino acid sequence comparison of STAG 1 to related MADS box proteins 
Using the PILEUP and GAP programs the putative amino acid sequence of STAG1 
was compared to six closely related proteins as determined by FASTA: TAG1 of 
tomato (genebank accession number L26295); pMADS3 of petunia (X72912); 
NAG1 of tobacco (L23925); and AG (X53579), AGL1 (M55550) and AGL5 
(M55553) of Arabidopsis. 
(A) The amino terminal extension (N), MADS, intervening (I), K and carboxy 
terminal (C) domains are marked. If at least the five AG homoiogs, STAG1, TAG1, 
pMADS3, NAG1, and AG, share the identical residue, the residues are highlighted 
in gray. Lowercase letters vary from the consensus sequence while residues 
matching the consensus sequence are in capital letters. Two putative a-helices are 
indicated by lines above the consensus sequence. Asterisks (*) represent the 
conserved positions (a and d of the coiled coil heptapeptide repeat) of the 
hydrophobic residues, LIVM. Dots represent gaps introduced to maximize 
alignment. The first 33 amino acids of AG are not shown. 
(B) A comparison of the amino acid identity of six related proteins to STAG1. 
Comparisons were made for the entire protein (starting from the MADS domain and 
continuing to the end of each protein) as well as for each domain. Numbers 
represent percent identity. 
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Fig. 2. Southern hybridization of STAG 1 
Ten micrograms of genomic DNA were digested with the restriction enzymes, EcoR 
I, Sac I, or Sst I and hybridized to a ^ P-labeled 3'-STAG1 probe. Sac I has a 
restriction site within the cDNA of STAG1. 
Fig. 3. Northern blot analysis of STAG 1 mRNA from organs of 'Calypso' 
(A) Total RNA was extracted from leaves (L), petals (P), stamen (S), and carpels 
with attached receptacles (C). Two micrograms of total RNA were hybridized to the 
32P-labeled 3'-STAG1 probe 
(B) Ethidium-bromide-stained gel of total RNA was visualized to monitor equal 
loading. 
(C) Five micrograms of total RNA were hybridized to the 32P-labeled 3'-STAG1 
probe. RNA was extracted from green fruit (G) and red fruit (R). Fruit is considered 
achenes attached to receptacles. 
(D) Ethidium-bromide-stained gel of total RNA was visualized to monitor equal 
loading. 
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Fig. 4. In situ hybridization localizing STAG1 mRNA expression in green fruit 
Sections were hybridized with 3'-STAG1 antisense RNA probe (A, B, D, E, F, H) 
or sense RNA probe (C, G). Figures (A-C,) are median, longitudinal sections of 
an achene from green fruit; (B) is an enlargement of the boxed area in (A), embryo 
(e), embryo sac (s), endothelium (en); (D) is a representative longitudinal section 
of the receptacle (r); (E-G) are non-median, longitudinal sections, of an achene 
from green fruit showing the pericarp (p), testa (t),nucellus (n), and endosperm (es); 
(F) is a detail of the nucellus, endothelium, and endosperm layers seen in (E); (H) 
shows the fibrovascular connection (v) between the achene and the receptacle. 
STAG1 transcript accumulation is visualized as a blue-purple precipitate. Bar = 
100(xm. 
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APPENDIX B: RAW DATA OF POTH1 PROTEIN-BINDING DOMAIN 
Figure 1. Deletion constructs for mapping protein interaction domain of POTH1 
with pAD5. Seven proteins belonging to the BEL-like homeobox family were shown 
to interact with POTH1 (Chen et al., 2002). Deletion constructs of POTH1 were 
made to determine domains important for the protein-protein interaction with the 
BEL proteins. 
(A) One of the BEL proteins, StBELS, was used to test the interaction. The full-
length clone of StBELS in the pGAD vector with the activation domain of GAL4 
(Stratagene, CA) is shown. The black boxes represent sequences conserved by 
the seven BEL proteins. The homeodomain is represented by the gray box. 
(B) To determine the region of POTH1 that is responsible for the protein 
interaction, deletion constructs were made from both the N and C-termini and 
cloned into the pBridge vector containing the GAL4 DNA-binding domain 
(Clontech, CA). The deletion constructs were sequenced to confirm that they were 
in-frame. The MEINOX domain, composed of two a-helices, is represented by black 
boxes. The ELK domain and the homeodomain are represented by white and gray 
boxes, respectively. The deletion constructs were co-transformed with the full-
length StBELS into the yeast strain, AH109, and interaction was observed by 
growth on selective media which is a nutrient media lacking histidine, trytophan, 
leucine, and adenine (-htla). As a control, the POTH1 deletion constructs alone 
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were transformed into yeast and tested for growth on selective media (-hta). 
Interestingly, pBHD4, pBHDS, and pBHD9 acted as transcriptional activators and 
were able to grow on the selective media without the presence of the GAL4 
activation domain. 
Figure 2. Specific interaction of the POTH1 deletion constructs with StBELS. 
Interaction with StBELS was confirmed by testing for lacZ induction with a 
quantitative p-galactosidase assay (Pierce Chemical Company). The light gray 
bars represent lacZ induction by the specific POTH1 deletion construct alone. The 
black bar represents lacZ induction caused by the interaction of the specific POTH1 
deletion construct with StBELS. The error bars represent the standard error of the 
mean. Whereas pBHD4, pBHDS, and pBHD9 were all able to grow on selective 
media alone (Figure 1), only pBHD9 was able to induce lacZ without StBELS 
indicating that the N-terminal domain, the first 114 amino acids, does not interact 
with StBELS, but acts as a transcriptional activator. The construct containing only 
the ELK and the homeodomain, pBHD3, was not able to grow on selective media 
(Figure 1) or activate lacZ, indicating that the homeodomain is not responsible for 
the protein-protein interaction with StBELS. Only constructs containing the MEINOX 
domain are able to interact with StBELS. 
Figure 3. Amino acid comparison of the MEINOX domain. 
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Using the PILEUP program [Genetics Computer Group (GCG), Madison, Wl], the 
amino acid sequence of the MEINOX domain was compared for knox class I and 
class II proteins. H09 and NTH23, from potato and tobacco, respectively, are knox 
class II genes, whereas NTH22, NTH1, NTH15 and NTH20 are knox class I genes 
from tobacco. Identical amino acids are highlighted in black with white lettering 
whereas similar amino acids are highlighted in gray. The first amino acid of the 
second helix of the MEINOX domain is marked with an asterisk. 
Figure 4. Helical wheel representation of the structure of the C-terminal a helix of 
the MEINOX domain. Eighteen amino acids of the second helix of the MEINOX 
domain are shown. An asterisk designates the first amino acid of the helix. Red, 
blue, yellow, and green represent acidic, basic, polar, and hydrophobic amino acid 
residues, respectively. Seven hydrophobic amino acids are present on one face of 
the helix, and with the exception of one amino acid, the opposite face is composed 
of hydrophilic amino acids, forming an amphipathic helix, a structure associated 
with protein-protein interactions. 
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